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金属薄膜の紫外線酸化による酸化物半導体の作製
およびヘテロ接合の形成 
和文概要 
 
  IGZO(Indium gallium zinc oxide)は、アモルファスシリコンより優れた電気特性を
示し、フレキシブル基板上にディスプレーを作製する材料として従来使われていた
アモルファスシリコンを置き換える重要な半導体材料に近年なった。しかし、フレ
キシブルエレクトロニクスの更なる発展には、pn 接合ができなければならない。
IGZO をはじめ、多くの酸化物半導体は、p、n 型両方の導電性をえることができな
いので、pn 接合は一種類の酸化物半導体だけでは実現ができない。もし、酸化物半
導体で pn接合が形成可能になるならば、酸化物半導体を使ったフレキシブルエレク
トロニクスはより消費者に普及するものとなる。生産コストは、金属の印刷、低温
酸化というプロセスの開発によりさらに一段と下げることが可能となる。 
 本研究では、紫外線酸化プロセスを酸化物半導体作製用に新たに開発し、金属ニ
ッケルと亜鉛を紫外線照射下で酸化することにより p 型伝導を示す酸化ニッケル、n
型伝導を示す酸化亜鉛の半導体を作製し、またそれらのヘテロ接合 pnダイオードを
作製することを目的としている。あらたに開発された紫外線酸化プロセスは、室温
で金属の酸化により極薄のゲート酸化膜を作製するオゾンを使った従来の紫外線酸
化とは大きく異なり、その紫外線のエネルギーが比較的小さいメタルハライドラン
プを使用する。メタルハライドランプを用いた紫外線酸化は、オゾンを使った紫外
線酸化よりは酸化速度が遅いものの熱酸化に比べると、酸化が促進され、デバイス
作製に必要な適度な酸化速度が得られる。そのうえ、高エネルギーフォトンが金属
原子と酸素の結合を壊すこともないので、安定した酸化物半導体の作製が可能とな
る。 
 真空蒸着した 50nm の厚さの金属ニッケル、300nm の厚さの亜鉛をそれぞれ 350
および 500oCで 60分紫外線酸化したところ、ラマンスペクトルの酸化ニッケルのピ
ーク位置より、また酸化亜鉛のフォトルミネッセンススペクトルでの可視領域発光
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強度より、酸化ニッケル、酸化亜鉛は、酸素過多の半導体であることが示された。
また、ホール測定では、酸化ニッケルは、移動度の低さから測定できなかったもの
の、酸化亜鉛は、低電子濃度を示し、酸素過多の n 型半導体であることが確認され
た。酸化ニッケルは、ニッケルを完全に酸化せずに残った場合は、p 型ではなく n
型伝導を示すことが初めて見出された。X 線回折測定からは、酸化ニッケルも酸化
亜鉛も結晶性が良好であり、光吸収特性からは、それぞれ 3.7、3.3eV のバンドギャ
ップを有する直接遷移型の半導体であることを確認した。 
 金属ニッケル、亜鉛の紫外線酸化により高品位な酸化物半導体が作製可能である
ことが確認されたので、本研究の最終目的である酸化ニッケルと酸化亜鉛からなる
ヘテロ接合ダイオードを作製、評価した。その前段階として、シリコンの上に真空
蒸着で堆積した金属ニッケル、亜鉛をそれぞれ紫外線酸化し、シリコンと酸化ニッ
ケル、シリコンと酸化亜鉛のヘテロ接合ダイオードをそれぞれ作製し、その特性を
調べた。シリコンが n 型の場合、酸化ニッケルとシリコンからなるヘテロ接合は、
良好な整流性を示し、シリコンが p 型の場合、整流性が見られなかったことより、
ホール測定では確認できなかったが、十分に紫外線酸化して得られる酸化ニッケル
は、p 型伝導を示すと判断された。ダイオードのリーク電流密度は、-2V にて 10-
2
A/cm
2 と、スパッタ法で作製された文献値 4.2A/cm2 よりはるかに小さな値であった。
また、光応答感度については、-2V で 0.82A/W と、これまでに他法で作製された酸
化ニッケルとシリコンからなるダイオードで報告されている値と遜色がなかった。
また、酸化亜鉛とシリコンのヘテロ接合ダイオードでは、2V での整流比が４桁と非
常に高く、高品質なダイオード特性を示した。光応答では、紫外光では感度が高い
が、可視光では感度が低いいわゆる”visible blind”の特性を示した、これは、紫外線
酸化により酸化亜鉛の下のシリコンが若干酸化され、薄いシリコン酸化膜が形成さ
れることで説明される。可視光は、シリコンで吸収されるため、生成された少数キ
ャリアである電子に対する酸化膜の障壁が高く、酸化亜鉛で紫外線が吸収された場
合に比べてはるかに光電流が小さくなることによる。このような”visible blind”の特
性を持つ紫外線光センサーは、紫外線センサーとして望ましい。また、C-V 特性よ
り酸化ニッケル、酸化亜鉛ともにシリコンとの相互拡散が抑制された良好なヘテロ
界面が形成されていることが確認された。 
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 良好なシリコンとのヘテロ接合ダイオードが金属の紫外線酸化により作製できる
ことを確認したうえ、酸化ニッケルと酸化亜鉛からなるヘテロ接合 pnダイオードの
紫外線酸化による作製を試みた。紫外線酸化では、亜鉛（ニッケル）薄膜を紫外線
酸化し、その上にニッケル（亜鉛）薄膜を堆積し、紫外線酸化する連続酸化法およ
び亜鉛、ニッケル薄膜を積層した金属膜を一気に紫外線酸化する同時酸化法を行っ
たところ、亜鉛上にニッケルを積層した金属薄膜を同時酸化して得られるヘテロ接
合ダイオードのみ整流性を示した。ダイオードのリーク電流は、他手法で作製され
た酸化ニッケルと酸化亜鉛のヘテロ接合ダイオードよりもまだ大きいものの、積層
した金属を一気に紫外線酸化して半導体のヘテロ接合を形成するという手法は、独
創的で、印刷技術を活用したプリンテッドエレクトロニクスに適する。 
 以上より、本研究において金属の酸化により酸化物半導体を作製する紫外線酸化
法が初めて確立され、酸化ニッケルと酸化亜鉛からなるヘテロ接合 pnダイオードが、
ニッケルと亜鉛の積層膜の同時酸化により作製可能であることが示された。紫外線
酸化法は、水蒸気を用いることによりさらなる酸化温度の低温化が可能となり、フ
レキシブル基板上に、印刷技術を活用して各種半導体デバイスを作製する酸化物半
導体を使ったプリンテッド・フレキシブルエレクトロニクスへの応用がおおいに期
待される。 
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ABSTRACT 
 
IGZO (indium gallium zinc oxide) has become a key semiconductor material in the display 
circuits on flexible substrates by replacing amorphous silicon because of its superior 
electronic properties. Further development of flexible electronics, however, requires 
formation of pn junctions. Since oxide semiconductors such as IGZO cannot be doped to 
have both n and p-types of conductivity, a homojunction pn diode cannot be made of oxide 
semiconductors. Flexible electronics made of oxide semiconductors will be more widely 
commercially accepted if pn junctions are formed and the fabrication cost is lowered. The 
fabrication cost can be lowered by introducing metal printing and low-temperature oxidation 
in the fabrication process. The pn junctions can be formed by forming good heterojunction pn 
diodes.   
In this study, the UV oxidation process has been established to form nickel and zinc oxide 
semiconductors and their heterostructures by the UV oxidation of metallic nickel and zinc 
films. The developed UV oxidation process is unique and different from the UV ozone 
oxidation process, which was well studied to form thin films of metal oxide dielectrics by UV 
oxidation of metallic films at room temperature. Based on the established UV oxidation 
process for nickel and zinc oxides, the heterostructures were formed by the UV oxidation of 
metallic Ni and Zn films deposited on Si by vacuum evaporation. Their electrical 
characteristics confirm good heterostructures. An attempt was also made to fabricate a p-type 
nickel oxide-on-n-type zinc oxide diode. The diode characteristics show rectification but need 
further improvement. Nevertheless, the study in the dissertation proves that the developed 
UV oxidation in this will be an important technology for printed flexible electronics in future.   
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Chapter 1 
Introduction 
1.1. Background and Objective 
Flexible electronics is a next-generation technology for making a variety of electronic 
circuits on flexible plastic substrates such as polyimide and transparent conductive polyester 
films. The flexible electronics market is growing very rapidly. Current global market already 
exceeds $1 billion, which is expected to increase to $45 billion by 2016 [1.1]. If the 
integrated circuits become much lighter, portable and foldable, they are more widely accepted 
in our daily life.  
Printed electronics is a technology using printing methods to fabricate electronic devices 
such as thin film transistors (TFT) on various substrates. In printed electronics, printing 
equipments such as screen printing, flexography, gravure, offset lithography and inkjet are 
often employed to make patterns of materials. Printed electronics is expected to facilitate 
fabrication of wide-spreading low-cost electronics, which do not require high-end 
performance, such as flexible displays, smart labels, decorative and animated posters, and 
active clothing.   
In the point of view of semiconductor materials, oxide semiconductors recently attracted 
much attention in the academic and industrial communities. Oxygen and some metals (such 
as Zn and Ni) are inexhaustible. Many oxide semiconductors exhibit unique and attractive 
optical and electrical properties. Indium Tin Oxide (ITO), for example, is a good transparent 
conductor. Some metal oxides such as HfO2 are good insulators and used as gate dielectric of 
MOSFETs and TFTs. Transition-metal oxide semiconductors, which have a strong 3d 
electron-electron correlation, exhibit unique magnetic and semiconducting properties. For 
example, cuprate [1.2] and iron-based high-temperature superconductors [1.3, 1.4] were 
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discovered. Some oxide semiconductors exhibit a unique electrical property of resistive 
switching [1.5], which can be applied to resistive random access memory (ReRAM). 
Although most oxide semiconductors have high carrier concentrations and extremely low 
mobilities, In-Ga-Zn-O (IGZO) is an exception and its electron concentration can be 
controlled intentionally. IGZO has attracted great attention because of its low deposition 
temperature (as low as RT) and moderate mobility, which are required for fabrication of 
devices on flexible substrates [1.6]. IGZO is used as a channel in a thin-film transistor (TFT) 
of the TFT backplane of flat-panel displays (FPDs). IGZO and IGZO-TFTs were developed 
by Professor Hosono and his group at Tokyo Institute of Technology (TIT) and Japan Science 
and Technology Agency (JST) in 2003 (crystalline IGZO-TFT) [1.7] and in 2004 (amorphous 
IGZO-TFT) [1.8]. IGZO-TFT has 20-50 times higher electron mobility than amorphous 
silicon, which had been conventionally used as a material for TFTs in liquid-crystal displays 
(LCDs) and e-papers. IGZO-TFTs improve the speed and resolution and shrink sizes of 
flat-panel displays. It is considered to be one of the most promising materials for TFTs in 
displays. IGZO-TFT and its applications are patented by JST. The IGZO technology was 
licensed to Samsung Electronics
 
in 2011, Sharp
 
in 2012 and license-shared by other Japanese 
electronics companies afterwards. One of advantages using IGZO over zinc oxide is that it 
can be deposited as a thin film of uniform amorphous phase with a high carrier mobility, and 
another is that IGZO’s electron carrier concentration can be well controlled by fabrication 
parameters such as gas pressure in the sputter deposition. Because of the aforementioned 
advantages of IGZO, IGZO deposited on a flexible substrate by sputtering has replaced 
amorphous silicon which was a key material in the flexible display technology. However, the 
flexible electronics including displays will be more commercially accepted if the fabrication 
cost is further reduced by introducing the printing technology in the device process. Although 
a metal ink has been well developed in the printed electronics, oxide semiconductor cannot 
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be easily printed on substrates. Therefore a device process considering of metal printing and 
subsequent metal oxidation should be developed. In such a device process, IGZO is not a 
good material, simply because metal alloys of In, Ga and Zn should be deposited instead of 
IGZO. Device made of compound oxide semiconductors consisting of one metal, such as 
nickel oxide and zinc oxide, are more suitable in the printed flexible electronics. 
  Nevertheless, wide-range device applications of oxide semiconductors require a p-type 
semiconductor to form a pn junction. It is difficult to make normally-off TFTs, because the 
channel thickness must be precisely controlled to be fully depleted at 0 bias. This makes a 
large-scale integration of TFTs difficult. In VLSI, enhancement-type MOSFETs are much 
more attractive for low power consumption. Because they require pn junctions at source 
(drain)/channel junctions, a p-type oxide semiconductor must be developed. Unfortunately 
there are only few p-type semiconductors. Cu2O is a p-type semiconductor with a 2.1 eV 
bandgap [1.9], and SnO is also a p-type semiconductor with a bandgap of 2.5 – 3 eV [1.10]. 
There are also several oxide semiconductors in ternary forms having the p-type conductivity. 
CuAlO2 was reported to be a p-type semiconductor with a 3.5 eV bandgap and 1 cm
-2
V
-1
s
-1
 
mobility at RT [1.11]. However, almost all reported p-type oxide semiconductors do not have 
mobilities high enough for practical device applications.   
Because most wide bandgap semiconductors are difficult to control the conductivity type 
by doping impurities due to a high concentration of native defects, a pn diode must be formed 
by joining a p-type and an n-type oxide semiconductor. Such a heterojunction must have a 
good interface and should not block the carrier transport unnecessarily by a large band offset 
or interface defects.   
Nickel oxide (NiO) is known to be a wide-bandgap semiconductor with the p-type 
conductivity and had been well studied [1.12, 1.13], while zinc oxide (ZnO) is more 
extensively studied as an n-type semiconductor [1.14]. The heterojunction diode composed of 
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nickel oxide and zinc oxide exhibited good rectification as a diode [1.15]. Thin films of oxide 
semiconductors have been mostly deposited by RF sputtering [1.12] and 
pulsed-laser-deposition [1.16]. In the case of the RF sputtering, the plasma may damage the 
substrate and deposited film during the deposition, as reported for ZnS/Si [1.17]. The plasma 
plume is also formed during the PLD deposition and can degrade the electrical properties of 
oxide semiconductors. We have developed a UV oxidation process to form a high quality 
gate oxide by the oxidation of a Si-rich oxide on Si under UV illumination at a temperature as 
low as 200 
o
C [1.18]. The oxidation is enhanced under UV illumination [1.19]. Such a low 
temperature process is suitable for fabrication of devices on plastic substrates for flexible 
electronics.  
Since a technique has been developed to form metal patterns using printing technology, the 
study in this dissertation focuses on oxidation of metallic films for device fabrication in the 
printed electronics. Therefore, the objective of this study is to establish the UV oxidation 
process of metallic films to form oxide semiconductors and their heterojuction pn diodes and 
demonstrate feasibility of the UV oxidation process in the printed flexible electronics of 
oxide semiconductors. Two oxide semiconductors, nickel oxide and zinc oxide, are selected 
for this feasibility study because of inexhaustible Ni and Zn. The 1st part of this dissertation 
concerns more on formation of nickel and zinc oxides by the UV oxidation and their optical 
and electrical properties, and the 2nd part more on formation of heterostructures, nickel oxide 
on Si, zinc oxide on Si and finally nickel oxide on zinc oxide, by the UV oxidation. The 
feasibility of the UV oxidation process is finally evaluated by the interface quality and 
electrical characteristics of the heterojunctions.  
1.2. Overview of the Dissertation 
  The 1st chapter is introduction, reviewing recent development of the research on printed 
flexible electronics and oxide semiconductors and stating the objective of this study based on 
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what is missing to achieve the goal. The 2nd chapter mainly reviews the material properties 
of oxide semiconductors, in particular nickel and zinc oxides, in the literature. The intrinsic 
defects greatly affect the electrical properties of nickel and zinc oxides and are also discussed. 
The 3rd chapter reviews the fabrication methods of oxide semiconductors in the literature, 
which include some experimental results on metal organic chemical vapor deposition 
(MOCVD) of oxide semiconductors in our laboratory. I have been involved in 
characterization of the samples grown by MOCVD in our laboratory, and some related results 
are also presented and discussed. The 4th chapter discusses UV oxidation process, which can 
be applied to printed flexible electronics. Although the UV-ozone oxidation was employed to 
form gate dielectrics at room temperature, it was never applied to fabrication of oxide 
semiconductors. The chapter shows a significant difference between the developed UV 
oxidation and conventional UV ozone oxidation in oxidation of metallic thin films. I hope to 
convince readers that our UV oxidation is unique and suits fabrication of oxide 
semiconductors more than the UV ozone oxidation. Chapter 5 concerns formation of nickel 
and zinc oxides by the UV oxidation and their material and electrical properties, and Chapter 
6 discusses the experimental results on the heterostructures of nickel and zinc oxides by the 
UV oxidation. The UV oxidation process of each of nickel and zinc oxides is optimized in 
Chapter 5. Finally, the conclusions of this dissertation are drawn and suggestions are made 
for future study in Chapter 7. I am very convinced that this dissertation provides sufficient 
information and helps anyone who wishes to further develop the printed flexible electronics 
of oxide semiconductors by the UV oxidation of printed metallic films.  
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Chapter 2 
Oxide Semiconductors 
2.1. Introduction 
  Oxide semiconductors show versatility in electronics. Here, oxide semiconductors refer to 
semiconductors made by oxidizing metals. Although it may be more appropriate to say metal 
oxide semiconductors, it is called oxide semiconductors to distinguish a metal oxide 
semiconductor (MOS) in this dissertation. There are various kinds of oxide semiconductors 
because of a large variety of metals existing in the nature. As shown in Figure 2.1 of the 
periodic table, among 118 elements, most of them are metals, and 35 are transition metals 
(group 3 – 12 and period 4 - 7). Oxidized metals possess various materials properties. They 
can have totally different crystal structures, electronic structures and electronic properties 
[2.1]. For example, copper (II) oxide CuO is a p-type semiconductor with a 1.2 eV bandgap, 
while nickel (II) oxide NiO is a p-type semiconductor with a 3.7 eV bandgap. An interesting 
thing is the polymorphy of a oxide semiconductor, which has several different forms, and the 
property depends on the form; e.g. copper (I) oxide Cu2O, which is another form of copper 
oxides, is a p-type semiconductor with a 2.1 eV bandgap.    
  In order to understand physics behind various properties of oxide semiconductors and to 
fabricate devices, the crystal structure, electronic structure, and defects need to be elucidated. 
2.2. Crystal Structure 
In this section, the crystal structures of nickel oxide and zinc oxide will be discussed. Most 
of oxide semiconductors have more than one crystal structure. The stable and meta-stable 
forms will be discussed in this section. 
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Period Group
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
1
1                
H
2                
He
2
3                
Li
4                   
Be
5                   
B
6             
C
7                   
N
8                   
O
9             
F
10              
Ne
3
11                   
Na
12             
Mg
13                   
Al
14                   
Si
15                   
P
16                   
S
17             
Cl
18             
Ar
4
19                   
K
20             
Ca
21             
Sc
22                   
Ti
23             
V
24             
Cr
25             
Mn
26                   
Fe
27             
Co
28             
Ni
29             
Cu
30             
Zn
31                   
Ga
32                   
Ge
33                   
As
34                   
Se
35             
Br
Kr
5
37                   
Rb
38             
Sr
39             
Y
40                   
Zr
41             
Nb
42             
Mo
43             
Tc
44                   
Ru
45             
Rh
46             
Pd
47             
Ag
48             
Cd
49                   
In
50                   
Sn
51                   
Sb
52                   
Te
53             
I
54             
Xe
6
55                   
Cs
56                   
Ba *
72                   
Hf
73             
Ta
74             
W
75             
Re
76             
Os
77                   
Ir
78             
Pt
79             
Au
80             
Hg
81                   
Tl
82                   
Pb
83                   
Bi
84                   
Po
85             
At
86             
Rn
7
87                   
Fr
88             
Ra **
104                   
Rf
105             
Db
106             
Sg
107             
Bh
108                   
Hs
109             
Mt
110             
Ds
111             
Rg
112             
Cn
113                   
Uut
114             
Fl
115                   
Uup
116                   
Lv
117             
Uus
118             
Uuo
*
57                   
La
58                   
Ce
59             
Pr
60             
Nd
61             
Pm
62             
Sm
63             
Eu
64             
Gd
65             
Tb
66             
Dy
67                   
Ho
68             
Er
69                   
Tm
70                   
Yb
71             
Lu
**
89                   
Ac
90                   
Th
91             
Pa
92             
U
93             
Np
94             
Pu
95                   
Am
96             
Cm
97             
Bk
98             
Cf
99                   
Es
100              
Fm
101                   
Md
102                   
No
103             
Lr  
Figure 2.1. The periodic table. 
2.2.1. Crystal Structure of Nickel Oxide 
Among various forms of nickel oxide, nickel monoxide NiO is mostly studied. 
Stoichiometric NiO is a good insulator. Nickel oxide, however, often becomes oxygen rich 
and becomes a p-type semiconductor. Nickel oxide takes a cubic rock salt structure as its 
stable form at room temperature as shown in Figure 2.2. Below the Neel temperature (TN ≈ 
523 K), the lattice contracts slightly along [111] axis normal to the (111) sheets, and the 
crystal structure becomes rhombohedral [2.2].  
Nickel trioxide Ni2O3 was reported in the literature, but not in many papers. The first report 
on hexagonal Ni2O3 was by Aggarwal and Goswami [2.3]. Some found presence of 
hexagonal Ni2O3 by x-ray diffraction after the discovery [2.4, 2.5]. However, the diffraction 
pattern only partially matched (002) [2.4] or (202) [2.5] of the powder diffraction data of 
hexagonal nickel oxide (PDF No. 14-481). Furthermore, although the ionized state Ni
3+
 was 
reported as an origin of the p-type conductivity and observed by the x-ray photoelectron 
spectroscopy, the conductivity type and other electrical properties were never confirmed by 
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the Hall effect measurements. Therefore, the existence of hexagonal Ni2O3 is still a subject of 
debate.  
Besides the cubic nickel oxide (PDF No. 47-1049), the rhombohedral nickel oxide (PDF 
No. 44-1159) is often cited and used to interpret the experimental results in the literature. The  
 
Figure 2.2. Rock salt structure of nickel oxide. Green for oxygen and grey for nickel. 
rhombohedral structured nickel oxide is not as well characterized as the cubic nickel oxide 
and its existence is questioned, because the diffraction pattern of the cubic nickel oxide (PDF 
No. 47-1049) data does not match the cubic-to-rhombohedral splitting theory shown in 
Figure 2.3. Because the d-spacing difference between the cubic nickel oxide (c-NiO) and 
rhombohedral nickel oxide (r-NiO) is too small (see Appendix 1), an ordinary XRD 
measurement cannot distinguish the peaks of two structures of nickel oxide. In the references 
[2.6, 2.7], transmission electron microscopy (TEM) was carried out to distinguish r-NiO from 
Ni 
O 
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c-NiO. Although the selected area electron diffraction (SAED) patterns of c-NiO and r-NiO 
were presented in both references, the pattern of r-NiO could be also explained by formation 
of the twin wall in c-NiO [2.8]. The twin structure in c-NiO has been well studied both 
experimentally and theoretically [2.9-2.20] since early 1960s. 
 
Figure 2.3. Cubic to rhombohedral splitting 
Even the growth of the nickel oxide single crystal usually results in formation of twin 
structures [2.17, 2.21]. A selection of a substrate and orientation is crucial for the growth of a 
single crystal with a single phase [2.22]. The twin variants have been summarized [2.19, 
2.23]. 
2.2.2. Crystal Structure of Zinc Oxide 
  Zinc oxide has two main forms, the hexagonal wurtzite and cubic zinc blende. The wurtzite 
structure is stable in general, as shown in Figure 2.4. The bond of zinc oxide is largely ionic 
with the radii of 0.074 nm for Zn
2+
 and 0.140 nm for O
2–
. This property accounts for 
preferential formation of wurtzite rather than zinc blende structure and large piezoelectricity 
of zinc oxide. Because of the ionic Zn-O bonds, zinc and oxygen atom planes are electrically 
charged. Therefore, the wurtzite zinc oxide material exhibits excellent piezoelectric property 
along the [0001]-direction because of the noncentrosymmetric structure. 
hkl 
 
hkl 
 
Cubic 
2θ (degrees) 
2θ (degrees) 
400 220 200 
30 60 90 120 
30 60 90 120 
111 311 222 331 420 
Rhom. (Hex) 
11 
 
 
Figure 2.4. Wurtzite structure of zinc oxide. Yellow for zinc and grey for oxygen. 
 
Figure 2.5. Phi-scans of (101-1) reflection from zinc oxide epilayers and (101-4) reflection 
from the sapphire substrate. [2.24] 
(ZnO) 
Zn 
O 
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  Figure 2.5 shows the phi-scan result of zinc oxide by sputter deposition. Besides the in-
plane and out-of-plane theta-2thetha scans, phi-scan is essential to characterize the in-plane 
growth quality. Usually multiple domains (e.g., twin structure) can be identified by the phi-
scan. In Figure 2.5, six-fold symmetry rotation is clearly shown for w-ZnO thin films, 
suggesting as-grown zinc oxide is single crystalline. The 3-fold symmetry was confirmed for 
the sapphire substrate in contrast to w-ZnO. 
2.3. Electronic Structure 
In this section, the electronic structures of nickel oxide and zinc oxide will be discussed 
based on the literature and database. 
2.3.1. Electronic Structure of Nickel Oxide 
  The experimental and theoretical studies of nickel oxide have been extensively carried out. 
The electronic structures of solids are often described by the band theory. The band theory 
describes only single-particle states, but it has a problem in correctly modeling the 
correlations. The detailed study of nickel oxide’s electronic structure was motivated by 
uncertainness of validity of the band theory. According to the one-electron band structure, 
nickel oxide should be a metal instead of an insulator because of the unfilled d shell.  
  The energy band structure was earlier calculated by applying the augmented-plane-wave 
(APW) method for the 3d transition-series monoxides and then fitted with the Slater and 
Koster linear-combination-of-atomic-orbitals (LCAO) interpolation method [2.25]. The 
calculated LCAO energy bands are shown in Figure 2.6. The solid lines represent the LCAO 
bands for nickel oxide, and the open circles represent the APW results involved in the fitting 
procedure. In the figure, the transition from valence band point Γ15 to conduction band point 
x3 is indirect and the bandgap is 0.3 Ry (4.08 eV because 1 Ry = 13.6 eV).  
  Frequently, nickel oxide was called a Mott insulator due to the large electron correlations 
between the Ni 3d electrons. However,  in addition to the 3d electron-electron interaction,  the  
13 
 
 
Figure 2.6. LCAO energy bands obtained by fitting APW results at symmetry points. [2.25] 
significant interaction exists between anion O 2p and cation Ni 3d states in nickel oxide. In 
the Mott case, the optical gap is given by the Coulomb correlation energy originating from a 
metal-to-metal transition, while in the charge-transfer case, it is given by the charge transfer 
correlation energy originating from a ligand-to-metal transition. Because the gap in the latter 
wave vector k 
14 
 
is smaller than the gap in former, nickel oxide is not a Mott insulator but rather a charge 
transfer insulator [2.30]. A direct bandgap of 3.15 – 3.80 eV is estimated by the optical 
absorption spectra of nickel oxide films. The p-type conductivity of nickel oxide rising from 
nickel deficiency or excess oxygen will be discussed in detail in section 2.4. 
 
Figure 2.7. The intra-atomic d-d transition obtained from optical absorption by calculation 
(bars) and compared with experiment (spectra on the top). [2.26] 
  Figure 2.7 shows the intra-atomic d-to-d optical transition energies for nickel oxide 
calculated both by the configuration-interaction (CI) theory and the ligand-field (LF) theory. 
The optical-absorption experimental spectrum obtained by Newman and Chrenko [2.27] is 
also shown.  
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Figure 2.8. Absorption coefficient of nickel oxide as measured by Powell and Spicer. [2.28] 
 
Figure 2.9. Experimental obtained valence band structure of nickel oxide [2.29]. 
  Figure 2.8 shows another optical absorption of nickel oxide obtained by experiment. The 
absorption starts at 3.1 eV and reaches its maximum at 4.3 eV. An energy of 4.0 eV is 
obtained from the x-axis intersect of the steep slope as shown in red in Figure 2.8. 
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  Figure 2.9 shows the valence band structure of nickel oxide obtained by photoemission 
spectroscopy (PES) and bremsstrahlung-isochromat-spectroscopy (BIS). The bar diagram 
shows the assignments of the peak according to the local-cluster calculation. The positions of 
the 4s and 4p bands are also shown. The arrows indicate the expected energies of the 
nonexcitonic optical transitions. 
 
Figure 2.10. Band structure for zinc oxide. [2.31] 
2.3.2. Electronic structure of zinc oxide 
  The band structure and density of states (DOS) of zinc oxide will be presented in this 
section.   
E
  
(e
V
) 
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  As seen in Figure 2.10, zinc oxide is a direct bandgap semiconductor (about 3.4 eV). The 
smallest energy gap is at the center Brillouin zone (Γ). 
 
Figure 2.11. DOS calculated using hexagonal zinc oxide with LDA, PBE and PBE+U 
methods. The vertical lines how the experimental energy gap Egap and Zn 3d-band Ed. [2.32]. 
  In Figure 2.11, the calculated results of the total DOS of zinc oxide by three different 
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methods (local-density approximation (LDA), Perdew-Burke-Ernzerhof (PBE) and PBE + the 
Hubbard U) are shown. The calculations using the standard LDA and PBE methods result in 
the underestimated bandgap and an incorrect energy of the d-bands of the Zn atoms. The 
inclusion of the Hubbard U corrects the d-Zn-and-p-O hybridization and makes the calculated 
DOS agree with the experimentally obtained DOS. 
 
Figure 2.12. Transmittance spectra of nickel oxide and zinc oxide by PLD. Inset shows (ahv)
2
 
vs hv. [2.33] 
  In Fig. 2.12, the transmittance spectra of nickel oxide and zinc oxide fabricated by PLD 
method are plotted. The inset also plots (αhυ)2 vs hυ, so that the bandgap can be estimated 
from extrapolations of the linear regions of the plots to zero absorption. 
2.4. Defects and Electrical Properties 
  Defects, particularly point defects in semiconductors, significantly affect electrical 
properties of semiconductors. The defects should be physically understood and characterized 
in order to control the electrical properties such as carrier concentrations and mobilities. The 
point defects are classified into the following types: 
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• Vacancy 
• Antisite 
• Interstitial 
• Substitutional 
• Frenkel pair (vacancy + interstitial)   
  These point defects except substitutional defects are intrinsic and formed during fabrication 
of a semiconductor. The intrinsic defects predominantly determine the electrical properties 
such as the conductivity type and carrier concentration, in most oxide semiconductors. Nickel 
oxide is often found to be a p-type semiconductor due to presence of Ni vacancies, while zinc 
oxide is found to be an n-type semiconductor due to oxygen vacancies. Control of defects is 
indeed very difficult and an important topic in oxide semiconductors. In this section, the 
defects and their effects on the electrical properties of nickel oxide and zinc oxide are 
discussed. 
2.4.1. Defects in Nickel Oxide and Electrical Properties 
  Nickel oxide is usually cation deficient or oxygen rich and slightly deviates from 
stoichiometry even in a stable form. For each cation vacancy, there must be two holes formed. 
The p-type conductivity results from the holes formed from cation vacancies. The overall 
reaction can be explained as bellow [2.34]: 
                                   V
3-22
2 Ni2O2)(O
2
1
  NiNig                            (2.1) 
  where NiV represents the Ni
2+
 vacancy. The excess positive charges result from Ni
3+
 ions, 
and each Ni
2+
 vacancy is replaced by two Ni
3+
 ions which increase the holes as carriers in 
nickel oxide. The Ni
3+
 and Ni
2+
 vacancy concentrations increase both with the increased 
oxygen partial pressure and temperature. The x in Ni1-xO is the same as the Ni
2+
 vacancy 
concentration found experimentally [2.34, 2.35].  
  An empirical function predicts the value of x, which was established based on averaging 
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experimental values [2.34, 2.35]. 
                                            x = 0.1093exp(-0.804eV/RT)                                 (2.2) 
  where R is the molar gas constant. In order to dope stoichiometric nickel oxide with hole, 
Ni
2+
 vacancy or monovalent cations such as Li
+
 need to be introduced into nickel oxide. The 
Li
+
 ions go into the sites of Ni
2+
 ions. For charge neutrality, one Ni
3+
 should be formed for 
every Li
+
 intoroduced [2.36]. The conductivity and mobility of nickel oxide of 1 S/cm and 
0.05 cm
2
/Vs, respectively, were obtained by optimizing Li doping [2.37].  
Table 2.1. Electrical properties in p- and n- nickel oxide 
PLD [2.39] R (Ω∙cm) C (cm-3) Type 
as-depo 3 1.00E+17 p 
Laser Irr. (1 pulse) 3 1.00E+17 p 
Laser Irr. (10 pulses) 1.50E-03 5.00E+19 n 
Annealed (300 
o
C) 
   
5 min 7.00E-03 - n 
30 min - - p 
 
Sputtering 
of Ni in 
O2 [2.40] 
R (Ω∙cm) C (cm-3) M (cm2V-1s-1) Type 
as-depo 4.80E-03 3.90E+20 3.3 n 
Annealed 
    
100 
o
C 3.06E-02 2.48E+19 2.9 n 
200 
o
C 1.54E-01 4.45E+18 1.8 p 
300 
o
C 3.09E+01 7.73E+17 0.6 p 
400 
o
C 1.61E+03 3.12E+17 0.4 p 
500 
o
C 4.61E+03 9.73E+16 0.3 p 
  According to the recent reports [2.38, 2.39, 2.40 – 2.42], n-type nickel oxide and related pn 
junction diodes were fabricated. The electrical properties of p and n-type nickel oxide 
reported in the literature are summarized in Table 2.1. The post laser or thermal annealing 
converted the conductivity type from p to n and n to p respectively. The mechanism of the 
type conversion is not well understood but may be related to formation of Ni
0
 metal-like 
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defects. In my experiment, the nickel oxide sample by UV oxidation at low temperature also 
showed the n-type conductivity, which will be discussed in Chapter 5.  
2.4.2. Defects in Zinc Oxide and Electrical Properties 
  The undoped zinc oxide with a wurtzite structure becomes an n-type semiconductor due to 
the presence of intrinsic defects or unintentional impurities. There are various intrinsic 
defects in zinc oxide contributing to the n-type conductivity such as the Zn-on-O antisite 
(Ozn), Zn interstitial (Zni), and O vacancy (VO) [2.43 - 2.45]. In addition to these intrinsic 
defects, the first principle calculation result attributed the n-type conductivity to an 
unintentional impurity. Hydrogen was usually introduced in zinc oxide during fabrication and 
acted as a positive charge [2.46, 2.47].  
 
Figure 2.13. PL spectrum of zinc oxide substrate measured at 4.2 K. [2.48] 
  The defects in zinc oxide are mainly studied by low-temperature photoluminescence (PL). 
The emissions of semiconductors can be associated with various transitions: band-to-band 
transition, free-to-bound transition, donor-acceptor transition and excitons. The defects in 
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semiconductors make donor or acceptor levels, causing the fine structure at low-temperature 
PL as shown in Figure 2.13. The most intense emission line at 3.3628 eV is assigned to a 
donor-bound exciton (I4), while the line at 3.3597 eV is close to the location of the acceptor-
bound exciton (I8) [2.48]. A large concentration of ionized impurities significantly reduces the 
electron mobility. The highest room-temperature mobility reported for zinc oxide grown by a 
vapor-phase transport method, was 205 cm
2
/Vs, and the carrier concentration was in the order 
of 10
16
 cm
-3 
[2.45].  
  In contrast to nickel oxide, doping of zinc oxide has been more intensively studied. A 
comprehensive review of zinc oxide material and device can be found in reference [2.49]. 
Doping of zinc oxide with positively charged tervalent ions (e.g., Al, Ga, In) which substitute 
Zn results in n-type zinc oxide with a high electron concentration. For example, ZnO:Al by 
photo-assisted MOCVD and ZnO:Ga by chemical vapor deposition exhibited resistivities of 
6.2x10
-4
 [2.49] and 1.2x10
-4
 ohm∙cm [2.51], respectively.  
  However, doping of zinc oxide to p type is not well achieved due to the intrinsic donors in 
zinc oxide acting as hole-killer. Doping compensation, low solubility of dopants and deep 
levels cause difficulties in p-type doping of zinc oxide. Positively charged monovalent ions 
(e.g., Li, Na, K, Cu, Ag, Zn vacancy), by substituting Zn or negatively charged tervalent ion 
(e.g., N, P, As), by substituting O were suggested as p-type dopants. However, none of them 
tend to form shallow levels. Nevertheless, according to the first principle calculation and 
experimental attempts, nitrogen was found to be the most potential candidate to achieve p-
type doping in zinc oxide [2.52, 2.53]. N has the smallest ionization energy and no tendency 
of forming antisite of Zn. Further study of N doping is still needed for pn homojunction 
formation. 
2.5. Device application 
  Oxide semiconductors are mainly used in thin film transistors (TFTs), which function as 
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switching devices in the driving circuits of displays. Compared with other materials used in 
TFTs shown in Table 2.2, oxide semiconductors are superior in the uniformity and stability, 
and have a much higher mobility than amorphous Si, which was conventionally employed to 
make flexible display circuits. 
Table 2.2. Key parameters of materials for displays. [2.71] 
 
Materials Deposition 
Technique 
Mobility 
(cm
2
/Vs) 
Spatial 
Uniformity 
Stability 
Amorphous 
Silicon 
PECVD <1 High Low 
Nanocrystalline 
Silicon 
PECVD <10 Medium Medium 
Polycrystalline 
Silicon 
Excimer Laser 
(or high-T 
annealing) 
100 Low High 
Organics Printing or vacuum 
evaporation 
<1 Low Low 
Oxide 
Semiconductors 
Sputtering but 
printing also 
emerging 
<10 High High 
Carbon 
Nanotubes 
Printing, solution 
deposition or spray 
coating 
<10 Low Low 
Graphene CVD graphene Large range N/A N/A 
 
  Besides TFTs, oxide semiconductors are studied for a wide variety of device applications. 
For example, nickel oxide is often used in batteries, fuel cells, electrochromic cells, gas 
sensors, gamma radiation sensors, negative-temperature coefficient (NTC) devices, 
electrochemical capacitors and catalysis [2.54]. Nickel oxide and zinc oxide can be combined 
to form heterojunction diodes, which can be used as UV sensors [2.55, 2.56], solar cells 
[2.57] and LEDs [2.58]. Nickel oxide and zinc oxide were also used independently as a 
channel in transistors such as nickel oxide-TFT [2.59] and zinc oxide-TFT [2.60] or as 
resistive switching device for ReRAM [2.61, 2.62] or to form heterojunction with another 
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semiconductor such as Si used as various sensors [2.63, 2.64], LEDs [2.64] and solar cells 
[2.65, 2.66]. The nanostructure of nickel oxide and zinc oxide were also widely studied for 
device applications [2.67 – 2.69]. In contrast to thin-film nickel oxide, nanostructure nickel 
oxide shows intense band edge emission in the UV wavelength range at room temperature 
[2.70], and can be applied to a UV emitting device.   
2.6. Conclusion 
  In chapter 2, a general introduction of oxide semiconductors has been given so that the 
experiment in this study can be referred to and compared with. The crystal structure and 
electronic structure are summarized for nickel oxide and zinc oxide respectively. Defects in 
oxide semiconductors are classified and the detailed defects in nickel oxide and zinc oxide 
have been discussed. The electrical properties due to defects and doping are also discussed. 
Finally, the device application of nickel oxide and zinc oxide is introduced. Chapter 2 
provides general information for oxide semiconductors and the practical nickel oxide and 
zinc oxide. 
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Chapter 3 
Fabrication of Oxide semiconductor Thin Films 
3.1. Introduction 
  There are various methods to fabricate thin films of oxide semiconductors, and the material 
properties depend on the fabrication methods. The fabrication methods include sputtering, 
pulsed laser deposition (PLD), metal organic chemical vapor deposition (MOCVD), 
molecular beam epitaxy (MBE), electrodeposition, plasma immersion ion implantation and 
deposition (PIII&D), electron-beam evaporation and thermal evaporation of oxide, thermal 
oxidation of metallic films, sol-gel, hydrothermal, spray pryolysis, spin coater and atomic 
layer deposition (ALD). Among these fabrication methods, most commonly used ones are 
sputtering, PLD and MOCVD. Sputtering deposition and PLD are categorized into physical 
vapor deposition (PVD) methods, and MOCVD, of course, is a variation of CVD methods. 
Because of the fundamental and academic interest in the MBE growth, it is also described in 
this chapter. 
3.2. Sputter Deposition 
  Sputter deposition is one PVD method. It is widely used in the semiconductor process to 
deposit various materials. It is simple and low cost. It can be carried out at lower temperature 
than most of the material fabrication methods. Sputter deposition can also deposit materials 
with high melting points, which cannot be easily deposited by evaporation. Magnetrons are 
often employed to confine charged plasma particles close to the surface of the sputter target. 
Sputter deposition can be classified into dc sputtering, rf magnetron sputtering, reactive 
sputtering and so on. The drawback of sputter deposition is damage of thin films by plasma 
during deposition, and thin films fabricated by sputter deposition are not usually single 
crystalline.  
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Figure 3.1. Schematic view of the chamber in sputter deposition. 
  As seen in Figure 3.1, argon plasma is usually used as an etching gas. The structural and 
optical properties of sputter-deposited film can be controlled by gas pressure, gas mixture 
ratio, substrate temperature, power and composition of the sputter target. 
  In order to fabricate p-type nickel oxide, sputter deposition was first used [3.1] prior to the 
other fabrication methods. In the first reported p-nickel oxide by sputter deposition, a 
resistivity of 1.4x10
-1
 ohm∙cm and a hole concentration of 1.3x1019 cm-3 were obtained 
without intentional doping [3.1]. The average transmittance in the visible wavelength range 
was 40% for a 110 nm-thick nickel oxide film. Low transmittance may be due to 
nonstoichiometry or oxygen richness. The heterojunction diode made of nickel oxide and 
zinc oxide did not exhibit a good rectifying characteristic [3.1]. Even later, a heterojunction 
diode made by sputter deposition of undoped nickel oxide on n-Si did not show good 
rectification either [3.2]. The nickel oxide films deposited by sputtering were found to be 
thermally unstable [3.3] due to removal of the interstitial oxygen at elevated temperature. The 
Li doping into nickel oxide can improve the film quality and results in a good device 
characteristic [3.4].  
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  Sputter deposition is also applied to form high crystal quality zinc oxide with both good 
optical and electrical properties. RF magnetron sputtering has been mostly used as a sputter 
deposition method for zinc oxide films. The quality of sputter-deposited zinc oxide has been 
greatly improved by optimizing the deposition condition. It was found that higher oxygen 
partial pressure can suppress the emission in the visible wavelength range of the room-
temperature PL spectrum [3.5]. It is suggested that the oxygen vacancy or zinc interstitial was 
the origin of visible emission. A comprehensive study on optimization of sputtering 
parameters was carried out to deposit zinc oxide the best in crystal quality and optical 
property [3.6, 3.7]. It was found that, a high substrate temperature was essential for reducing 
an FWHM of the rocking curve, but the RF power should be adjusted for the appropriate 
deposition rate. Using a Ga or Al-doped target, the electron concentration of the sputter 
deposited zinc oxide can be well controlled. Even though the sputter-deposited p-type zinc 
oxide was reported using a Li-doped target or introducing nitrogen, the results remain 
controversial [3.8, 3.9]. 
3.3. Pulsed Laser Deposition 
  Pulsed laser deposition is similar to sputter deposition but uses a laser beam to sputter the 
target. The first attempt of laser-assisted thin film deposition was carried out by Smith and 
Turner in 1965 [3.10]. The widely use of PLD to deposit thin films started in 1987, when 
Dijkkamp, X. Wu and Venkatesan successfully deposited a superconducting YBa2Cu3O7 thin 
film with a high crystallinity [3.11]. As the laser technology improved in the 1990s, the PLD 
became more widely used to deposit thin films. 
  The PLD can be taken place either in ultra high vacuum or relatively high pressure (vacuum 
level of 10
-5 
to 10
-1 
Torr). The deposition of oxide thin films is usually carried out in an 
oxygen atmosphere in order to completely oxidize the deposited films. The target material 
bombarded by a high-power laser pulse is vaporized. The interaction of the laser and target 
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material is rather complex. The vaporized material forms a supersonic jet (called plasma 
plume, see in Figure 3.2) and is then deposited on a substrate. The whole process consists of 
four steps: 
• Laser ablation of the target material and formation of a plasma  
• Dynamics of the plasma 
• Deposition of the ablation material on the substrate 
• Nucleation and growth of the film on the substrate surface 
Target
Laser in Window
Laser Beam
Focusing Lens
Plasma Plume
Substrate on Holder
 
Figure 3.2. Schematic PLD apparatus. 
  The deposition of nickel oxide by PLD was intensively studied by Hosono’s group at Tokyo 
Institute of Technology [3.12] and Narayan’s group at North Carolina State University [3.13 
– 3.15]. Their aim of nickel oxide deposition is to fabricate a p-type metal-oxide 
semiconductor. Due to insulating property of stoichimetric nickel oxide by PLD at high 
temperature, Li was doped into nickel oxide to increase the p-type conductivity [3.12]. After 
high temperature annealing, the nickel oxide:Li film showed an atomically flat surface and 
the tilting angle and twisting angle of 0.065
o
 and 0.28
o
, respectively, in the crystal structure. 
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The nickel oxide: Li film exhibited conductivity of 0.07 S/m and Hall mobility of 0.05 
cm
2
/Vs. The nickel oxide thin film by Narayan’s group had twin domains, which were 
revealed by the phi scan of x-ray diffraction [3.14]. Li was also doped in their nickel oxide 
films to increase the p-type conductivity. The minimum resistivity of 0.15 ohm∙cm was 
obtained by adjusting the Li: Ni ratio to 7: 93. The p-type undoped nickel oxide and NiO:Li 
films were used to form heterojunction diodes with Zn0.95Ga0.05O [3.14] and n-ZnO film 
[3.15], respectively. It was also found that the post UV laser treatmet of as-deposited PLD 
sample could convert the conductivity type of nickel oxide from p-type to n-type [3.13, 3.16]. 
However, the mechanism was not fully understood.  
  The PLD deposition of zinc oxide film was more frequently reported than nickel oxide. The 
ZnO films by PLD can have a very high quality compared to MOCVD and MBE. The UV 
excimer laser (e.g., KrF: 248 nm) and Nd: YAG laser (355 nm) are mostly used to ablate a 
zinc oxide target in an oxygen filled chamber. In order to obtain high-quality zinc oxide films 
by PLD, the single crystalline zinc oxide targets were used [3.17]. The Zn metal targets are 
also used in the PLD deposition [3.18, 3.19]. In the 1980’s, the growth of high-quality zinc 
oxide thin films by PLD was already reported [3.20, 3.21]. In the early 2000’s, the influence 
of the laser power, oxygen partial pressure and substrate temperature on the quality of zinc 
oxide were studied in detail [3.22 – 3.25]. A two-step growth scheme was also introduced, in 
order to fabricated high-quality zinc oxide with a smooth surface and good electrical 
(mobility) and optical properties (few defects) [3.22]. Al-doped zinc oxide films with high 
transparency and high conductivity were also deposited by PLD [3.23, 3.24]. 
3.4. Advanced Methods 
  Sputter deposition and PLD are PVD methods for thin films deposition. The experimental 
apparatus is simpler and costs lower than two advanced methods, such as Metal Organic 
Chemical Vapor Deposition (MOCVD) and Molecular Beam Epitaxy (MBE), which have 
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been extensively used for research on epitaxial growth of various semiconductors. MOCVD 
has been also widely employed in the production line of optoelectronic devices. Both 
MOCVD and MBE methods have demonstrated growth of higher-quality semiconductors and 
heterostructures than any other method. They are also recently employed to grow oxide 
semiconductors. 
3.4.1. Metal Organic Chemical Vapor Deposition 
  An atmospheric pressure MOCVD (APMOCVD) system was set up in our lab to grow 
various oxide semiconductors in early 2011. We have successfully grown nickel oxide with 
high crystallinity by APMOCVD. Some other groups also have successfully grown nickel 
oxide by MOCVD [3.26 – 3.34]. High-quality nickel oxide could be applied to gate 
dielectrics [3.26], resistive switching materials [3.28, 3.31], and buffer layers of 
superconductor [3.34]. Besides nickel oxide thin films, nanotube nickel oxide was also grown 
by MOCVD [3.29]. Plasma-enhanced MOCVD [3.30, 3.33] and photo-assisted MOCVD 
[3.32] were also developed for the growth of nickel oxide. 
  In our lab, nickel oxide films were directly grown on c-sapphire substrates without any 
buffer layers by APMOCVD [3.35]. The MOCVD equipment with a horizontal reactor was 
specially designed for the growth of oxide semiconductor thin films. Allyl-Cp Ni (ACNi: 
Ni(C3H5)2) was used as a Ni precursor. The ACNi was kept at 30 
o
C to obtain a Ni mole 
concentration of 4.95 μmol/min. 100% O2 gas was used as an oxygen source, and N2 was 
used as a carrier gas. The growth temperature was varied from 300 to 900 
o
C, and the typical 
O2/Ni ratio was about 1800. The growth rate at 550 
o
C was about 10 nm/min. 
  Figure 3.3 shows the nucleation of nickel oxide on sapphire substrate. There are triangle and 
bar-shaped islands on the sapphire surface. The triangle-shaped islands have two orientations, 
one pointing upward and the other downward in the image. They seem to be two different 
phases of nickel oxide.  
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Figure 3.3. AFM image of nickel oxide grown by APMOCVD at 900 
o
C. 
  As shown in Figure 3.4, the growth temperature greatly affects the crystallinity of nickel 
oxide. At about 550 
o
C, the nickel oxide has the minimum FWHM of 0.107 degree, and 
temperature higher or lower than 550 
o
C resulted in larger FWHMs. This FWHM is as small 
as that obtained by PLD with post-annealing at temperature as high as 1300 
o
C [3.12]. In 
contrast to the PLD nickel oxide, the growth temperature of our method was much lower and 
there was no need for high temperature post-annealing. 
  The XRD pattern by the theta-2theta scan showed only one reflection peak of plane (111), 
suggesting the (111) preferred orientation in the MOCVD growth. In order to check the in-
plane structure of the nickel oxide films, the phi scan was carried out. Since the surface plane 
was (111), the samples were tilted by 54.73
o
 to measure the phi-scan pattern of the (200) 
plane. As shown in Figure 3.5, there are 6 peaks. Due to the three-fold symmetry of the [111] 
rotation in the cubic structure, the 6 peaks in the phi scan pattern indicate two domains or 
hexagonal structure in the nickel oxide films.  
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Figure 3.4. FWHM of the rocking curve of the nickel oxide (111) plane as a function of the 
growth temperature. The inset is a (111) rocking curve of the nickel oxide grown at 550 
o
C. 
 
Figure 3.5. Phi scan of the nickel oxide (200) plane.  
NiO 
(200) 
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  The TEM analysis was made to further study the crystal structure in nickel oxide. As seen in 
the center of Figure 3.6., a twin boundary is observed. It can be concluded from the FFT 
analysis of the TEM images in the three areas that the left area shows a domain with 60
o
 
rotation of the domain in the right area along the [111] axis. The middle image in the twin 
boundary shows presence of two domains. 
 
Figure 3.6. Bright-field TEM image and FFT patterns of selected local areas. 
  The growth of zinc oxide films by MOCVD has been also studied by several groups 
including us. In order to improve the film quality, a lot of efforts were made on the reactor 
design [3.36] and precursor selection. The selection of precursor is crucial for growth of zinc 
oxide by MOCVD, because some Zn precursors (e.g., DEZn, DMZn) are highly reactive with 
oxygen or water. For the sake of preventing premature reaction, stable zinc acetylacetonate 
[3.37, 3.38] was selected as a precursor. Sources of oxygen other than oxygen gas was used 
in the MOCVD growth of zinc oxide [3.39 – 3.42]. Owing to great efforts, high quality zinc 
oxide and catalyst-free zinc oxide nanosturucture were successfully grown by MOCVD 
[3.43]. 
NiO 
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3.4.2. Molecular Beam Epitaxy 
  Molecular beam epitaxy (MBE) was invented in the late 1960s at Bell Telephone 
Laboratories by J. R. Arthur and Alfred Y. Cho [3.44]. MBE is used mainly in the research 
on semiconductor heterostructure devices. Recently, molecular beam epitaxy was employed 
to deposit oxide semiconductors for electronic, magnetic and optical applications. For the 
growth of oxide materials, MBE needs to be modified to incorporate oxygen sources [3.45]. 
In contrast to PLD and MOCVD the main advantage of MBE is a precise control of 
nucleation and thickness using RHEED.  
  There are very few attempts to grow nickel oxide by MBE. In order to study the thickness-
dependent relaxation of nickel oxide (100) layers on MgO (001) substrates, nickel oxide 
layers with a thickness of 16 to 160 nm were grown by MBE [3.46]. A nickel oxide 
superlattice was also grown by MBE to control the orbit, spin and charge order [3.47]. The 
photoresponse of nickel oxide grown by MBE was also studied [3.48]. 
 
Figure 3.7. I-V characteristic of a nickel oxide MSM device grown by MBE on Si [3.48]. 
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  In Figure 3.7, the nickel oxide metal-semiconductor-metal (MSM) device was fabricated on 
a Si wafer. The I-V characteristics showed good rectification, compared with the same device 
made on MgO. The effect of light irradiation on the forward current was studied using 325 
and 632 nm light. The current increases for irradiation of 325 nm light, while it does not 
show a significant change for irradiation of 635 nm light. The photoresponse of the MSM 
device was attributed to carrier generation in nickel oxide, which absorbs 325 nm light but is 
transparent to 632 nm light.   
  The MBE growth of zinc oxide has been more widely studied than that of nickel oxide. A 
pure Zn metal and oxygen radicals such as oxygen plasma are used as the sources. The 
substrate plays a very important role in the MBE growth. Although homoepitaxy is preferred 
to grow high-quality epitaxial zinc oxide films, sapphire is the mostly used as a substrate. 
Because of different symmetries of Al (three-fold) and Zn (six-fold) planes in (0001) 
sapphire and (0001) zinc oxide, the 30
o
-rotated twin structures will be present in zinc oxide 
grown on sapphire. The twin domains will degrade the electrical property, resulting in a low 
mobility 10 - 40 cm
2
/Vs. The use of a-plane sapphire instead of c-plane sapphire suppressed 
the twin-domain formation, and the resultant carrier concentration and mobility became 6 x 
10
16
 cm
-3
 and 120 cm
2
/Vs, respectively. Besides sapphire substrates, GaN layers and 
substrates, which have less lattice mismatch with zinc oxide (1.8% mistach) was also used to 
grow zinc oxide by MBE [3.49]. The growth of a buffer layer improves a quality of the zinc 
oxide epitaxial film. Usually a buffer layer is grown at low temperature, 250 – 350 oC and 
annealed after the grown. Homoepitaxial zinc oxide films were also grown by MBE on zinc 
oxide substrates, exhibiting a high mobility 158 cm
2
/Vs. In the zinc oxide growth on Si, 
although the pregrowth and low-temperature buffers were introduced before the zinc oxide 
growth, no satisfactory results were obtained compared with the growth on sapphire [3.50].       
 
39 
3.5. Conclusion  
  In this chapter, four fabrication methods used to deposit oxide semiconductors are reviewed. 
They are sputter deposition, PLD, MOCVD and MBE. Among these methods, sputter 
deposition and PLD are most widely used because of simplicity of equipment. MOCVD has a 
high potential for the growth of extremely high quality epitaxial layers and heterostructures 
of oxide semiconductors with a high throughput, but the MOCVD research on the growth of 
oxide semiconductors is still premature compared with that of III-V, GaN and related 
materials. In contrast to MOCVD, MBE has an advantage in controlling the interface and 
nucleation using various in-situ diagnosis tools. Zinc oxide has been much studied by the 
aforementioned methods, and the deposition condition was well optimized for the device 
quality zinc oxide. Although the deposition of nickel oxide and zinc oxide was mostly studied 
by sputtering, the quality still needs to be improved for practical device applications. 
Although the deposition of high-quality oxide semiconductors by the aforementioned 
methods requires temperature higher than 400
 o
C, the temperature must be lowered to use the 
material in flexible electronics. For this reason, the sputter deposition is mostly preferred but 
is subject to plasma damage.  
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Chapter 4 
UV-Assisted Oxidation 
  In Chapters 1 and 2, the material properties and fabrication techniques of oxide 
semiconductors, particularly nickel oxide and zinc oxide, were reviewed after digesting the 
related publications in the literature. In this chapter, the UV-assisted oxidation of metallic 
thin films developed in my Ph. D. study will be discussed in detail. I hope that the readers 
will understand why the UV-assisted oxidation developed particularly for oxide 
semiconductors is expected to become a key technology in printed flexible electronics made 
of oxide semiconductors. Hereafter, the UV-assisted oxidation is called the UV oxidation for 
simplicity.   
4.1. Introduction  
  Although the UV oxidation with ozone formation was developed to oxidize thin metallic 
layers for formation of thin dielectrics at low temperature, it has never been applied to form 
oxide semiconductors. In my Ph.D. study, the UV oxidation process has been developed to 
make oxide-semiconductor devices for the first time by oxidizing the deposited metallic thin 
films. As mentioned in Chapter 1, various metal inks have been developed for printed 
electronics, which still requires an oxidation process to form device quality oxide 
semiconductors at relatively low temperature. There are two types of UV oxidation processes, 
one with ozone formation using high energy photons and the other without ozone formation. 
Almost all studies on the UV oxidation to form gate dielectrics are the UV oxidation with 
ozone formation. In our lab, the UV oxidation without ozone formation has been developed 
to oxidize SiOx for formation of high-quality gate oxide. Longer wavelength from a metal 
halide lamp was employed to avoid breaking weak bonding in SiOx. The mechanisms of 
oxidation are significantly different between the UV oxidation with and without ozone 
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formation. Although the oxidation mechanism was well studied in the case of the UV 
oxidation with ozone formation, the oxidation mechanism in the UV oxidation using a metal 
halide lamp is not well understood. In section 4.2, the oxidation mechanism in the UV 
oxidation using high-energy photons is reviewed, and in section 4.3, the mechanism in the 
UV oxidation using a metal halide lamp is discussed based on the study made for high-
quality gate oxide formation in our lab. In sections 4.4, I employed both UV oxidation 
processes with and without ozone to oxidize metallic layers and compared the material 
properties of nickel oxide and zinc oxide made by both processes.   
4.2. UV Ozone Oxidation 
  UV ozone oxidation is the oxidation process under UV irradiation with a specific UV lamp, 
e.g., mercury lamp (185 nm and 254 nm). The 185-nm photons are absorbed by oxygen 
molecules. The oxygen molecules are then dissociated to atomic oxygen, and then ozone is 
formed. The 254-nm photons are absorbed by ozone. Ozone is rapidly decomposed to 
molecular oxygen and radical oxygen. The radical oxygen reacts with a metal, and this 
oxidation process is faster than thermal oxidation at the same temperature. 
                                                                                     185 nm 
  O2      O + O   (4.1)  
                   O + O2      O3                     (4.2) 
                                                                                 254 nm 
                                       O3      O2 + O (radical)    (4.3) 
  Figure 4.1 shows the UV absorption spectrum of oxygen in the wavelength range from 130 
to 190 nm. Note that there are many peaks in the wavelength range from 175 to 190 nm. Peak 
8 corresponds to the absorption line at 185 nm. The UV absorption spectrum of ozone is 
shown in Figure 4.2. The absorption peak is at about 254 nm. 
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Figure 4.1. Absorption spectrum of oxygen in the UV region from 130 to 170 nm (left) and 
175 to 190 nm (right) [4.1]. 
 
Figure 4.2. Absorption spectrum of ozone in the UV region from 200 to 300 nm [4.2]. 
  There are 3 different states of atomic oxygen, which are the ground state of oxygen atom 
and two states of radicals, as seen in Figure 4.3.  
Present work 
Landenburg and van Voorhis 
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Figure 4.3. Electronic configurations 
3
P, 
1
D and 
1
S of the partially filled 2p orbitals of atomic 
oxygen.  
  According to the Hund's first rule, the ground-state configuration corresponds to an orbital 
occupancy that gives the highest multiplicity. The first configuration (
3
P) has a multiplicity 
(2S+1, where S =    ) of 3 (hence, termed triplet), and the other two configurations (
1
D and 
1
S) have a multiplicity of 1 (hence, termed singlet). Therefore, the ground state of atomic 
oxygen has two unpaired electrons (bi-radical), and is designated as 
3
P ("triplet P") state. The 
Hund's second rule says that in two configurations with the same multiplicity, the 
configuration with the highest total orbital angular momentum (L =   ) has the lowest 
energy. Since the second configuration has the higher L value, its energy is lower. It is the 
first excited state of atomic oxygen, designated as the 
1
D ("singlet D") state. The 
configuration 
1
S is the second excited state. 
  The ozone formation requires irradiation of photons with shorter wavelength (185 nm or 
shorter, usually generated by an excimer lamp). Such high energy photons could also break 
the weak bonds between metal and oxygen in metal oxides; i.e., decompose the oxide layer 
away from surface, where there are fewer oxidants available due to their low diffusion at low 
temperature. Therefore, UV ozone oxidation was usually applied to form ultra-thin (several 
nm) oxide, such as high-k and SiO2 gate dielectrics [4.3 – 4.15]. Besides the gate dielectrics, 
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the formation of ultra-thin metal oxides under UV irradiation can be used to corrosion-
resistant coatings [4.16 – 4.18] and to fabricate stoichiometric metal oxides or incorporate 
oxygen into nonstoichiometric oxides to improve oxygenation [4.15, 4.17 - 4.19]. Note that 
UV-ozone oxidation can be a useful process to form an ultra-thin metal oxide layer. However, 
as mentioned earlier, high-energy photons should be avoided in the metal oxide with weak 
oxygen metal bonds. In particular the region deep from the surface, where the diffusion limits 
a supply of oxidants, UV irradiation dissociates more than oxidation. The UV oxidation 
results from a balance between oxidation and dissociation. If the oxidants are no sufficient, 
the dissociation dominates. Therefore, it is difficult to form a stoichiometric oxide layer of 
substantial thickness. Unlike an ultra thin gate oxide, an oxide semiconductor cannot be too 
thin for device applications. Therefore, the UV assisted oxidation with ozone may not be 
suitable to form oxide semiconductors if they are formed at room temperature. 
4.3. UV Oxidation 
  The UV oxidation process without ozone formation was proved to be effective growing 
high-quality gate oxide by oxidizing SiOx at low temperature [4.20]. Oxide films with more 
stoichiometry and better electrical characteristics can be formed by UV oxidation, which 
incorporates more oxygen into oxide films during oxidation [4.15]. Like the UV ozone 
oxidation, the UV oxidation can also lower the process temperature and increase the 
oxidation rate. Oxidation process is enhanced by UV irradiation even without ozone 
formation.  
In the case of UV oxidation without ozone formation using a metal halide UV lamp, the 
wavelengths of photons are much longer than that required for ozone formation. Figure 4.4 
compares the spectra of 3 different UV lamps. The light intensity of a metal halide lamp is 
much lower than that of a mercury lamp with ozone in the shorter wavelength range. 
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Figure 4.4. Spectra of UV lamps used in this study. From top to bottom: metal-halide, 
mercury with ozone, mercury without ozone lamps [4.21]. 
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  Since the photons do not have sufficient energy to generate oxygen radicals, there must be a 
different oxidation mechanism in the UV oxidation without ozone. The oxidation process 
consists of reaction between oxygen and metal (oxidation) and diffusion of oxidants [4.22]. 
The diffusion requires thermal energy but can be enhanced by interaction with photons. 
However, as mentioned earlier, irradiation of high-photon energy can result in dissociation of 
oxides. Therefore, the UV oxidation is preferred to be performed at temperature higher than 
room temperature. The UV oxidation at temperature slightly higher than room temperature 
can form a thin layer of nonstoichiometric oxide semiconductor, which then absorbs the UV 
light from a metal halide lamp. The wavelength of photons is short enough to be absorbed by 
a thin nonstoichiometric oxide semiconductor. The UV absorption generates electron-hole 
pairs in the semiconductor. The electron ionizes oxygen molecules, and the ionized oxygen 
enhances diffusion and reaction or oxidation. If the oxidation takes place at temperature 
sufficient to further aid the diffusion of oxygen and ionized oxygen, the oxidation proceeds to 
form a “thick” oxide. The UV light with photons of much shorter wavelength can break the 
oxygen-metal bonds if temperature is too low to have sufficient oxidants in the region far 
from the surface. Therefore, in order to form oxide semiconductor layers thick enough for 
device application, the UV oxidation without ozone must be employed if the temperature 
needs to be low enough for flexible electronics. This was confirmed by using three different 
lamps for the UV oxidation to form high-quality gate oxide [4.22]. 
4.4. Comparison of UV-ozone Oxidation and UV Oxidation 
  Although it is clear from the discussion in the previous section that a metal halide lamp is 
preferred to a mercury ozone lamp for formation of oxide semiconductors by UV oxidation of 
metallic thin films, both lamps were employed to check which lamp should be used to make 
oxide semiconductor devices. This evaluation is needed because the temperature of UV 
oxidation is typically 300 to 500 
o
C, not too low. At such temperature, the diffusion may not 
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be too slow, and there may be sufficient oxidants even in the region far from the surface. If so, 
a thick oxide semiconductor may be formed even by UV ozone oxidation using a mercury 
ozone lamp. Both nickel oxide and zinc oxide were formed by UV oxidation with and 
without ozone formation using a mercury ozone and metal halide lamp, respectively, their 
properties were compared. 
4.4.1. Comparison of Nickel Oxide Films by UV Oxidation with and without Ozone 
Formation 
  Table 4.1 lists the UV oxidation methods with and without ozone formation. In the case of 
UV oxidation with ozone formation, the UV-ozone asher in SVBL was also used in addition 
to the home-made UV oxidation chamber, which was used to make samples by UV oxidation 
using a Hg-ozone lamp and metal-halide lamp. The intensities of an Hg-ozone and metal-
halide lamps are both 600 mW/cm
2
. The UV-ozone asher is equipped with a lamp with two 
wavelengths, 185 and 254 nm. As discussed, a lamp with these two wavelengths is used for 
UV oxidation with ozone formation by many [4.3 – 4.15]. However, the lamp power is only 
20 mW/cm
2
 , sufficient for ashing resist but may not be for UV oxidation. 
Table 4.1. UV oxidation methods with and without ozone formation. The nickel oxide sample 
was also made by thermal oxidation for reference. 
Oxidation methods UV lamp Limitation 
UV-zone oxidation Hg-ozone - 
UV oxidation Metal-halide - 
UV-ozone in SVBL 
Hg lamp with two emission 
lines of 185 and 254 nm 
300 
o
C max. 
Thermal oxidation - - 
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  Figure 4.5 shows a photograph of four nickel oxide samples by four oxidation methods 
listed in Table 4.1. The oxidation was carried out at 300 
o
C for an hour. Although the UV 
oxidation temperature for formation of nickel oxide is usually 350 
o
C, as discussed in Chapter 
5, the temperature of 300 
o
C was selected because it was the maximum temperature of the 
UV-ozone asher in SVBL. The color of the sample by UV oxidation using an Hg-ozone is 
violet, and the others are all gold. This suggests the sample for an Hg-ozone is much thicker 
than the others. 
 
Figure 4.5. Photograph of nickel oxide films by four oxidation methods listed in Table 4.1: 
From left to right, UV-ozone oxidation in SVBL, thermal oxidation, UV oxidation using a 
metal-halide lamp and UV-ozone oxidation using an Hg-ozone lamp. 
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Figure 4.6. Raman shift of Si in the samples of 50 nm Ni on n-Si by four oxidation methods 
listed in Table 4.1 at 300 
o
C for an hour. The peak intensities and nickel-oxide thicknesses are 
also listed. The thicknesses were measured with an ellipsometer. 
  Figure 4.6 shows the Raman peak of a Si substrate underneath the nickel oxide film at 520 
cm
-1
. If nickel is remaining due to insufficient oxidation, the Si Raman peak intensity 
becomes lower because of partial reflection of incident light. The inset table shows a positive 
correlation between the Raman peak intensity and the thickness of nickel oxide. Thermal 
oxidation has a lower oxidation rate than the other oxidations using UV. The oxidation rate of 
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UV oxidation using an Hg-ozone lamp is 5 times greater than that using a metal halide lamp 
although the lamp intensities are similar. UV oxidation with ozone formation most enhances 
oxidation of metal as expected. Even though the lamp intensity is much lower than that of a 
metal halide lamp, UV oxidation using an ozone asher has an oxidation rate similar to UV 
oxidation using a metal halide lamp. It is also found that the oxidation rate increases more 
rapidly with the temperature in case of the UV oxidation using an Hg-ozone lamp. Therefore, 
UV oxidation using an Hg-ozone lamp is not suitable for fabrication of oxide semiconductors 
with good uniformity. Furthermore, such a high oxidation rate makes it more difficult to 
control the heterointerface formation.   
  
Figure 4.7. Transmittance spectra of nickel oxide by UV oxidation using an Hg lamp and 
metal-halide lamps. 
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  Figure 4.7 shows the transmittance spectra of nickel oxide by UV oxidation using an Hg-
ozone and metal-halide lamps. The UV oxidation was carried out at 380 
o
C for 1 hour to 
completely oxidize 65 nm thick Ni. The averaging transmittance in the visible range is 60% 
for a metal-halide lamp and 80% for an Hg-ozone lamp. Lower transimittance for a metal 
halide lamp may be explained by a higher concentration of Ni vacancies, which may result in 
a higher hole concentration. However, the Hall measurements of either sample were not 
possible probably because of low mobilities. 
 
Figure 4.8. The I-V characteristics between two ohmic contacts of nickel oxide formed by 
UV oxidation using an Hg-ozone lamp (Hg-o) and metal-halide lamp (M-H). The I-V 
characteristics after 1 and 5 days for Hg-o and M-H, respectively, are also shown. 
  Figure 4.8 shows the I-V characteristics of ohmic contacts of nickel oxide formed by UV 
oxidation using an Hg-ozone and metal-halide lamps. Nickel films with a thickness of 65 nm 
were oxidized by UV oxidation using an Hg-ozone and metal-halide lamps at temperature of 
380 
o
C for complete oxidation. The ohmic-contact electrodes were made of 20-nm Pt and 
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200-nm Au layers. The diameters of contacts were 300 μm. The nickel oxide film for an Hg-
ozone lamp has a lower resistance by two orders than that for a metal-halide lamp. This may 
contradict to a lower carrier concentration of nickel oxide formed using an Hg-ozone lamp 
estimated from Figure 4.7. However, The Raman shift of nickel oxide’s 1LO peak is higher 
for a metal-halide lamp than for an Hg-ozone lamp in Figure 4.9. This, indeed, supports more 
oxygen richness and a higher carrier concentration in nickel oxide formed using a metal-
halide lamp [4.23]. The lower resistance of nickel oxide formed using an Hg-ozone lamp may 
be due to a higher mobility resulting from fewer defects such as Ni vacancies. 
 
Figure 4.9. 1LO peak of nickel oxide formed by UV oxidation using an Hg-ozone lamp (Hg-
o) and a metal-halide lamp (M-H). The peak positions are indicated by arrows. Sharp peaks 
are associated with sapphire substrates. 
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  It is interesting to note that the resistance of nickel oxide formed using an Hg-lamp 
increases with time. The stability of the resistance is better with a metal-halide lamp. Shorter-
wavelengths photons may cause more dangling bonds in nickel oxide, and they seem to be 
bonded with oxygen in water moisture during exposure to air. As a result, the mobility 
decreases with time. Instability of the resistivity was also reported in the sputter-deposited 
nickel oxide which was treated with the UV ozone treatment and attributed to metastable 
incorporation of oxygen [4.19]. 
4.4.2. Comparison of Zinc Oxide Films by UV Oxidation with and without Ozone Formation 
 The zinc oxide films were also formed by UV oxidation of 280 nm-thick metallic films using 
an Hg-ozone lamp and a metal-halide lamp at 500 
o
C for 1 hour. Since both UV oxidations 
completely oxidize zinc films, the thicknesses are similar in both zinc oxide films. Their 
properties were compared.  
 
Figure 4.10. Transmittance spectra of zinc oxide formed using an Hg-ozone lamp (Hg-o) and 
a metal-halide lamp (M-H). 
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 Figure 4.10 compares the transmittance spectra of both types of films. Like nickel oxide, the 
film for an Hg-ozone lamp has a higher transmittance, probably because more stoichiometric 
zinc oxide is formed for an Hg-ozone lamp than for a metal-halide lamp.   
 Figure 4.11. The grazing-angle XRD patterns of zinc oxide formed using an Hg-ozone lamp 
(blue) and a metal-halide lamp (red). 
 Figure 4.11 shows the grazing-angle XRD patterns of zinc oxide formed with and without 
ozone formation. Both zinc oxide films are poly-crystalline, as suggested by multiple peaks 
in the pattern. Note that In peaks are from the In electrodes for the Hall measurements. The 
reflection peak intensities for an Hg-ozone lamp are higher than those for a metal-halide lamp, 
and the zinc oxide for an Hg-ozone lamp is more oriented to (002). The crystallinity and 
crystal orientation of the zinc oxide formed using an Hg-ozone seem to be better. 
 The PL spectra of two films are compared in Figure 4.12. Both zinc oxide films show a 
dominant band-edge emission at around 370 nm and a broad peak in the visible wavelength 
range. A broad peak in the visible wavelength range is attributed to defects such as oxygen 
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vacancy, as discussed in Chapter 2. The zinc oxide film for a metal-halide lamp has a greater 
PL intensity than that for an Hg-ozone lamp, suggesting more nonradiative defects in the 
latter. Such nonradiative defects can be dangling bonds resulting from irradiation of high-
energy photons.  
 
Figure 4.12. Room-temperature Photoluminescence of zinc oxide films formed by UV 
oxidation using an Hg-ozone lamp and a metal-halide lamp. Note that the thicknesses of both 
zinc oxide films are similar. 
  Unlike nickel oxide, the Hall measurements were possible because of higher electron 
mobilities. Table 4.2 compares the electrical properties of zinc oxide for an Hg-ozone lamp 
and a metal-halide lamp. The zinc metallic film was 280 nm thick, and the thickness became 
doubled after oxidation. However, the zinc oxide thickness could be much thicker in the use 
of an Hg-ozone lamp because of much faster oxidation. 
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Table 4.2. Hall effect measurement of zinc oxide by Hg-ozone and metal-halide. 
UV lamp 
Thickness 
(nm) 
Resistivity 
(ohm∙cm) 
Carrier 
Concentration  
(cm
-3
) 
Mobility 
(cm
2/(V∙s)) 
Carrier Type 
Hg-ozone 560 338.2 9.03E+16 0.2 n 
Metal-halide 560 11.4 1.37E+17 3.99 n 
 
  Both films have the n-type conductivity attributed to oxygen vacancies. Although the 
electron concentrations are similar, the mobility for a metal-halide lamp is higher by one 
order than that for an Hg-ozone lamp. This may be due to a higher concentration of dangling 
bonds, as discussed in the comparison of PL spectra.   
4.5. Conclusion 
  Although UV oxidation with ozone formation was employed to make dielectrics by 
oxidation of metallic thin films at room temperature, it has not been tried out to make oxide 
semiconductors. In the study presented in this dissertation, the UV oxidation was developed 
as a potential device fabrication process in printed flexible electronics. In the conventional 
UV oxidation, the wavelength of UV light is short enough to form ozone and oxygen radicals. 
However, such high-energy photons could damage the quality of oxide semiconductors. In 
Chapter 4, the nickel oxide and zinc oxide were formed by UV oxidation with and without 
ozone formation and their properties were compared to access the applicability in the printed 
flexible electronics.   
 Since at room temperature the diffusion of oxidants was limited, and high-energy photons 
would dissociate oxide semiconductors more than formation, it was thought that formation of 
an oxide semiconductor required for device application was not possible. On the contrary, the 
oxidation was much faster in the case of UV oxidation with ozone formation at elevated 
temperatures such as 300 
o
C or higher, which would not limit the diffusion of oxidants. 
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However, the oxidation for UV oxidation with ozone formation was found too fast to control 
the heterointerface of oxide-semiconductor devices. In addition, because of irradiation of 
high-energy photons, the electrical properties of the oxide semiconductor become more 
instable and may degrade the reliability of oxide-semiconductor devices. Therefore, it is 
decided to select and propose a metal-halide lamp for UV oxidation to make oxide 
semiconductor devices based on the comparative study presented in this chapter. In Chapters 
5 and 6, a metal-halide lamp is used to make nickel oxide and zinc oxide and their 
heterostructures. 
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Chapter 5 
Oxide Semiconductors by UV Oxidation of Metal  
5.1. Introduction 
  In this chapter, the experimental procedure of UV oxidation of metallic films and the 
obtained properties of oxide semiconductors by the UV oxidation will be introduced. The 
experimental procedure of UV oxidation of metallic films will be divided into two parts: (1) 
deposition of metallic films and (2) UV oxidation of metallic films, corresponding to sections 
5.2 and 5.3, respectively, in this chapter. The obtained properties of nickel oxide and zinc 
oxide will be discussed in section 5.3.  
  In this study, the process employed to fabricate oxide semidonctors consists of vacuum 
evaporation of metals and their UV oxidation. Although sputter deposition and pulsed laser 
deposition (PLD) are mostly used, as discussed in Chapter 3, they may introduce plasma or 
radiation damage to the deposited thin film even to the substrate. In particular, the sputter-
deposited films often need to be annealed at high temperature to remove the plasma damage 
after the deposition. A simple fabrication technique without the high-temperature post-
annealing is preferred in flexible electronics of oxide semiconductor devices. Both vacuum 
evaporation of metal and UV oxidation are damage-free low-temperature processes. These 
two techniques are combined to grow high-quality oxide semiconductors. To the best of my 
knowledge, the employment of UV oxidation of metallic films has never been proposed to 
form oxide semiconductors.  
5.2. Thin Films by Vacuum Evaporation of Metal 
  There are usually two methods in vacuum evaporation: electron-beam (e-beam) evaporation 
and thermal evaporation. E-beam evaportation is preferred for metals with high melting 
points such as Ni, Al, Ti, Au and Pt, while thermal evaporation is preferred for metals with 
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low melting points such as Zn and In. Both the evaporation methods require high vacuum (in 
the order of 10
-5
 Pa), to obtain highly pure and high quality metallic thin films.  
  Metallic thin films of nickel and zinc were deposited by vacuum evaporation at the vacuum 
level of ~10
-5
 Pa. Due to different melting points of nickel and zinc, electron-beam 
evaporation and thermal evaporation were selected to deposit nickel and zinc metallic films 
respectively. After metallic films deposition, the samples were transferred to the home-
designed UV oxidation furnace for oxidation. 
5.2.1. Nickel 
  The metallic nickel film was prepared by e-beam evaporation under vacuum of 6 - 9×10
-5
 Pa. 
Nickel source is 99.95% pure nickel shot purchased form Kojundo Chemical Laboratory Co., 
Ltd. The sapphire substrate was most frequently used in order to measure the electrical and 
optical properties of nickel oxide films after metal evaporation and UV oxidation of metallic 
films. The sapphire substrates were ultrasonically cleaned in acetone, ethanol and deionized 
(DI) water each for 5 minutes and placed in a vacuum chamber for the metallic nickel 
deposition. The deposition rate during nickel evaporation was controlled to be around 0.3 
nm/s by adjusting the filament current. Typical thickness of nickel was 50 nm, minitored by a 
quartz balance in the e-beam evaporation chamber, and the thickness was confirmed by a 
Dektak profilometer after evaporation.  
5.2.2. Zinc 
  Deposition of metallic zinc thin film is not simple and requires a special techique due to a 
low melting point of zinc (419.53 °C) [5.1]. Zinc tends to re-evaporate from the deposited 
film during deposition because of natural heating of the substrate during the deposition. Some 
unique techniques such as the filtered cathodic vacuum arc (FCVA) technique [5.2] were 
proposed to deposit thin zinc film. It is also very difficult to deposit a thin zinc layer, and the 
thickness of zinc film by evaporation was usually much thicker than 200 nm [5.3].    
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Figure 5.1. Schematic of Zn house for Zn evaporation. 
  In this study, the deposition of metallic zinc thin films was carried out by vacuum 
evaporation under vacuum of 6 - 9×10
-5
 Pa using a specially designed 5 cm high evaporation 
house (Figure 5.1), which forms an almost closed space with higher zinc vapor pressure to 
prevent re-evaporation. The evaporation time was made extremely short by cutting off the 
current immediately after confirming the starting evaporation. In this way, the thickness of 
zinc film was controlled from several tens of nanometer to several micrometers by adjusting 
an amount of zinc placed in an evaporation boat. Zinc source is cut from a 99.99% pure zinc 
wire with 1 mm diameter purchased from the Nilaco corporation. Typically, a 2 mm-long 
zinc wire gives a thickness of 250 nm. 
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5.3. UV Oxidation of Metallic Thin Films 
  UV oxidation of mtallic films has been widely used to form thin gate dielectrics. In the 
literature, UV oxidation is usually carried out using a lamp with a wavelength short enough to 
produce ozone. However, UV oxidation is not yet applied to the growth of oxide 
semiconductors. In this study, UV oxidation is developed to particularly grow high-quality 
oxide semiconductors. The UV-oxidation condition was optimized to obtain high-quality 
semiconducting thin oxide films. The metallic films deposited by vacuum evaporation were 
transferred to the UV oxidation chamber showin in Figure 5.2 for oxidation. 
O2
Vacuum
UV lamp
ceramic heater
sample
quartz glass
 
Figure 5.2. Schematic UV oxidation apparatus. 
  As shown in Figure 5.2, a UV lamp is placed on the top of the UV oxidation chamber. The 
sample is placed on the top of a ceramic heater. Between the sample and UV lamp, there is a 
quartz window, allowing UV light to reach the sample through it. The UV oxidation chamber 
is filled with pure oxygen gas during UV oxidation.   
  A photograph of UV oxidation apparatus is shown in Figure 5.3. In Chapter 4, the 
comparative study was presented to convince readers that UV oxidation using a metal-halide 
lamp is more effective on forming high-quality oxide semiconductors for device applications 
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than UV oxidation using an Hg-ozone lamp. Almost all experimental results presented in 
Chapters 5 and 6 are for UV oxidation using a metal halide lamp unless the lamps are 
specified.  
 
Figure 5.3. Photograph of the home-designed UV oxidation apparatus. 
5.3.1. Nickel Oxide 
  Figure 5.4 shows the nickel oxide thickness after the UV oxidation of a 100 nm-thick 
metallic Ni at various temperatures and periods. The thicknesses of nickel oxide films were 
measured by a Dektak 150 profilometer and confirmed by a Mizojiri DHA-OLX ellipsometer.  
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Figure 5.4. Nickel oxide thicknesses after UV oxidation of a 100nm-thick metallic Ni at 
various temperatures and for periods. For oxidation-temperature dependence, the oxidation 
period is 30 min and for oxidation-period dependence, the oxidation temperature is 380 
o
C. 
  As the oxidation temperature increases from 320 to 400 
o
C, the thickness of the nickel oxide 
film almost linearly increases from 20 to 160 nm. Under this oxidation condition, the lowest 
temperature for measurable oxidation is found to be 320 
o
C. For oxidation temperature of 380 
o
C the thickness of nickel oxide first increases linearly with the increased period from 15 to 
45 min, and then becomes independent of the period after reaching 200 nm. It appears that 
the 100 nm-thick metallic nickel film is completely oxidized in 45 min at 380 
o
C. The UV 
oxidation rate is faster than that reported for thermal oxidation of a metallic nickel film [5.4]. 
The X-ray diffraction (XRD) pattern of nickel oxide formed on Si by the UV oxidation is 
shown in Figure 5.5 and was obtained by a Phillips X’Pert diffractometer operated at 45 kV 
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and 40 mA in the grazing angle mode with an incident angle of 0.4
o
. In the grazing-angle 
XRD pattern, no peaks should be observed if the material consists of highly oriented grains or 
is single crystalline. The nickel film was 50 nm thick, and the UV oxidation temperature and 
period were 350 
o
C and 60 min period, respectively. The measured thickness of nickel oxide 
was 100 nm. As shown in Figure 5.6 the complete oxidation of the nickel film was confirmed 
by the transmittance spectrum. The observed intense diffraction peaks of 111NiO, 200NiO and 
220NiO (reference data: ICDD PDF 47-1049) suggest that the polycrystalline stoichiometric 
(at least macroscopically) NiO, was formed by UV oxidation of metallic Ni.   
 
Figure 5.5. Grazing-angle XRD pattern of nickel oxide formed on the n-Si substrate.  
  Figure 5.6 shows the transmittance spectrum of the 100 nm-thick nickel oxide, and the inset 
shows a direct bandgap of 3.7 eV. The transmittance rapidly increases at 300 nm, gradually 
increases after reaching 50 % at 400 nm and becomes nearly independent of the wavelength 
after reaching 70 % at 700 nm. 
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Figure 5.6. Optical transmittance spectrum of nickel oxide on a sapphire substrate prepared 
by UV oxidation of metallic nickel. The inset shows the plot of (αhυ)2 versus hυ. 
Raman scattering spectroscopy was carried out to evaluate the crystallinity and 
stoichiometry of the nickel oxide films. Since the film thickness of nickel oxide was typically 
100 nm and too thin for Raman scattering spectroscopy of polycrystalline films, a 100 nm 
thick metallic nickel, thicker than usual 50 nm was deposited so that metallic nickel was 
intentionally left unoxidized for surface enhanced Raman scattering (SERS). For SERS, 
noble metals, such as Au and Ag are known to be good materials to enhance Raman 
scattering signals. In this study, nickel was also found to enhance the Raman scattering signal. 
The Raman spectra for various oxidation temperatures and oxidation periods were then 
obtained. 
Figure 5.7 shows the Raman spectra of the nickel oxide film formed by the thermal and 
UV oxidations at 300 
o
C. Each spectrum was deconvoluted to show two peaks of 1LO and 
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1TO, as shown in light green curves. The black arrows indicate the peak position of 1LO. 
The nickel oxide film by the UV oxidation has a higher 1LO peak than the one by the thermal 
oxidation. The higher the Raman shift of 1LO, the more oxygen-rich the nickel oxide 
becomes [5.5]. The UV oxidation enhances oxidation and could fabricate nickel oxide with a 
higher oxygen content, as discussed in Chapter 4. Oxygen-richness in the nickel oxide film 
results in the p-type conductivity, as discussed in Chapter 2.  
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Figure 5.7. Raman spectra of nickel oxide films by the thermal and UV oxidations at 300 
o
C. 
Figure 5.8 shows the Raman spectra of the nickel oxide films by UV oxidation at various 
oxidation temperatures and periods. Each peak in the spectrum is again deconvoluted to show 
the Raman peaks of 1LO and 1TO. The peak position of 1LO peak of nickel oxide is studied 
as a monitor of the oxidation degree. As shown in Figure 5.8 (a), as oxidation temperature 
increases from 350 to 500 
o
C, the 1LO peak shifts to a lower wavenumber. This suggests 
oxygen removal from the nickel oxide thin film at higher temperature. In Figure 5.8 (b), 
oxidation periods of 30 and 60 min do not show a significant difference in the 1LO peak 
wavenumbers. It seems that a period of 30 min is sufficient to completely oxidize 50 nm 
thick metallic nickel film. The Raman shift of the 1LO peak shifts to a higher frequency with 
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the decreased temperature. Because the resistivity of the nickel oxide decreases with the 
increased oxygen content in the nickel oxide film [5.6, 5.7], the lower oxidation temperature 
was selected to form the highly conductive nickel oxide for the diode fabrication.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8. Raman spectra of the nickel oxide films formed on sapphire substrates by UV 
oxidation: (a) oxidation-temperature dependence (60 min) and (b) oxidation-period 
dependence (350 
o
C). Each spectrum was deconvoluted to show two spectra associated with 
1LO and 1TO, as seen in light green. The black arrows indicate the peak position of 1LO. 
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  The electrical properties of nickel oxide films could not be easily obtained by either the Hall 
or four point measurements, if their sheet resistances are higher than 10
9
 ohm/□ or mobilities 
are lower than 0.05 cm
2
/Vs [5.8]. Although the nickel oxide is widely known to have the p-
type conductivity, as discussed in Chapter 2, recently, the n-type conductivity was reported 
for the nickel oxide made by PLD [5.9, 5.10], UV-laser treatment [5.11] and sputter 
deposition using a nickel target [5.12]. The nickel oxide homojunction diode was also 
fabricated [5.13]. An n type nickel oxide film was formed in my study by UV oxidation at 
330 
o
C and confirmed by Hall measurements, as shown in Figure 5.9.  
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9. Low temperature Hall effect measurement results of n-nickel oxide. 
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  The oxidation temperature 330 
o
C may have been too low to completely oxidize nickel. 
Note that the oxidation temperature is 350 
o
C in most cases. Although it is suspected that 
remaining nickel could contribute to n-type conductivity, XPS measurement failed to reveal 
metallic nickel. As mentioned earlier, the nickel oxide film which was formed by complete 
oxidation of a 50 nm-thick nickel film on a sapphire substrate at 350 
o
C for 1 hour was highly 
resistive and could not be characterized by Hall measurements. Nevertheless, as discussed 
later in Chapter 6, the nickel oxide film formed in the same way on a Si substrate is found to 
be p type with a high hole concentration. A difference between Si and sapphire substrates is 
in the crystal structure: Si has a cubic lattice, while sapphire has a hexagonal lattice. The 
nickel oxide on a substrate with the hexagonal lattice may become n type, and the electron 
concentration of the nickel oxide film on sapphire formed by UV oxidation at 350 
o
C could 
be too low to be less conductive than that by UV oxidation at 330 
o
C.   
 The experiment was designed to determine whether the substrate or remaining nickel is a 
factor of n-type conductivity in nickel oxide. A thin layer of metallic nickel was intentionally 
left by oxidation of the increased thickness of metallic nickel on a sapphire substrate, 65 nm 
instead of 50 nm, at 350 
o
C for 1 hour. Surprisingly, the nickel oxide film showed n-type 
conductivity with the electron concentration similar to that for oxidation temperature of 330 
o
C. It is clear now that neither the oxidation temperature nor crystal structure of the substrate 
affects the conductivity. The remaining metal layer does make the n-type conductivity.   
 A question now is how the remaining metal makes the n-type conductivity. In the 
temperature-dependent electron concentration shown in Figure 5.9, there is no freeze out of 
carriers even at low temperature. The electrons may not be provided by donors. They are 
provided by metal. The electrons are transferred from nickel to nickel oxide in order to align 
the Fermi levels. As a result, the electrons are accumulated near the nickel-nickel oxide 
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interface, in a similar manner to two dimensional electron gas (2DEG) in the modulation 
doped heterostructure. These electrons make the nickel oxide highly conductive n type.             
 
Figure 5.10. Theta-2theta X-ray diffraction patterns of zinc and zinc oxide on a sapphire 
substrate by UV oxidation (500 
o
C 60 min). The zinc film was about 7 μm thick. 
5.3.2. Zinc Oxide 
  Figure 5.10 shows the theta-2theta X-ray diffraction patterns of zinc and zinc oxide by UV 
oxidation. As multiple peaks suggest, the zinc oxide on sapphire by the UV oxidation is 
polycrystalline, like nickel oxide. Because the Zn film was too thick to be completely 
oxidized by UV oxidation even at 500 
o
C, a peak of Zn (101) is still present in the XRD 
spectra of ZnO in Figure 5.10. 
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Figure 5.11. Optical transmittance of the zinc oxide film on a sapphire substrate by UV 
oxidation of metallic zinc at 400 
o
C. The inset shows the plot of (αhυ)2 vs. photon energy (hυ).  
  Figure 5.11 shows the transmittance spectrum of the 300 nm-thick zinc oxide film, and the 
inset shows a direct bandgap of 3.27 eV. The Zn metallic film was UV-oxidized at 400 
o
C for 
60 min. The zinc oxide thickness is about twice as much as the Zn thickness (150 nm). The 
transmittance rapidly increases at 400 nm and is about 80 % in the visible wavelength range 
(400 nm – 700 nm). The bandgap of zinc oxide decreases from 3.26 eV to 3.1 eV with the 
increased oxygen vacancy concentration [5.14]. The value of 3.27 eV in the inset suggests a 
much lower oxygen vacancy concentration of zinc oxide by UV oxidation.  
  Figure 5.12 shows the PL spectrum of the zinc oxide film formed on a sapphire substrate by 
the UV oxidation at 400 
o
C for 60 min. Notice that the visible luminescence is very weak 
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compared with those most found in the literature. The inset enlarges the luminescence 
spectrum in the visible wavelength range from 400 to 700nm.  
 
Figure 5.12, Room-temperature PL spectrum of the zinc oxider film by the UV oxidation. 
The inset enlarges the spectrum in the visible wavelength range from 400 to 700 nm. 
  The dominant peak at 376 nm is associated with the near band-edge emission of zinc oxide, 
close to the band-gap 3.27 eV obtained from the transmittance spectrum in the inset. The 
weak emission in the visible range suggests a low concentration of oxygen vacancies in the 
zinc oxide film. Unlike the sputter-deposited zinc oxide, the UV oxidation enhances 
oxidation of zinc and forms oxygen-rich zinc oxide. 
  Figure 5.13 shows the PL spectra of the zinc oxide films by the UV and thermal oxidation 
for various oxidation temperatures. The PL spectra of all zinc oxide films have an intense 
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emission associated with the near band-edge emission and a weak emission in the visible 
wavelength range. The visible-emission peak intensity decreases with the decreased 
temperature for both UV and thermal oxidations. This is due to oxygen removal at high 
temperature.  
 
Figure 5.13, Photoluminescence spectra of the zinc oxide films by the UV and thermal 
oxidations at various different temperatures. The inset enlarges the PL in the visible 
wavelength range.  
  The Hall measurements were carried out at room temperature for the 300 and 540 nm-thick 
zinc oxide films by the UV oxidation at 400 
o
C for an hour and the results are shown in Table 
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5.1. Both thick and thin samples show the n-type conductivity, and there is not much 
difference in the electron concentrations and mobilities, suggesting complete uniform 
oxidation across the thickness. The electron concentrations of two samples are in the order of 
10
16
 cm
-3
, much lower than those reported in the literature. Zinc oxide is a well known n-type 
oxide semiconductor, and its n-type conductivity is associated with oxygen vacancy, as 
discussed in Chapter 2.  
Table 5.1. Hall measurement results of the 300 and 540 nm-thick zinc oxide films by the UV 
oxidation at 400 
o
C for 1 hr. 
Sample No. 
Thickness 
(nm) 
Resistivity 
(ohm∙cm) 
Carrier Concentration  
(cm
-3
) 
Mobility 
(cm
2
/(V∙s)) 
Carrier 
Type 
1 300 91.33 2.98E+16 2.29 n 
2 540 118.49 2.14E+16 2.46 n 
 
  Although various fabrication methods are available to form oxide semiconductors, as 
discussed in Chapter 3, most produce oxygen-deficient zinc oxide. Therefore, higher electron 
concentrations, typically higher than 10
18
 cm
-3
, were usually reported for zinc oxide by 
pulsed laser deposition [5.15 – 5.17], atomic layer deposition [5.18, 5.19], spray pyrolysis 
[5.20 – 5.22], sputtering [5.23 – 5.28], electrodeposition [5.29, 5.30], plasma immersion ion 
implantation and deposition [5.31], electron-beam evaporation [5.32, 5.33], metal-organic 
chemical vapor deposition [5.34], sol-gel [5.35 – 5.37], molecular beam epitaxy [5.38, 5.39], 
themal evaporation [5.40], thermal oxidation of metallic zinc film [5.41] and spin coating 
[5.42]. Table 5.2 summarizes the electron concentrations of zinc oxide obtained by various 
fabrication methods in the literature. Only very few show low electron concentrations, as 
shown in red font. Since UV oxidation can form oxygen-rich oxide [5.43] due to the 
enhanced oxidation, a much lower donor concentration zinc oxide can be expected [5.23]. 
This is consistent with the PL discussed earlier.   
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Table 5.2. Electron concentration of ZnO by various fabrication methods. 
Fabrication method Electron Concentration (cm-3) Reference 
PLD ~10
19
 [5.15] 
PLD ~10
19
 [5.16] 
PLD ~10
14
 [5.17] 
ALD ~10
20
 [5.18] 
ALD 5.1×10
19
 [5.19] 
Spray Pyrolysis 2.32×10
19
 [5.20] 
Spray Pyrolysis >> 10
15
 [5.21] 
Sputtering >7×10
17
 [5.24] 
Sputtering 1.0×10
15
 [5.26] 
Electrodeposition >10
17
 [5.29] 
PIII&D ~10
19
 [5.31] 
E-beam evaporation 7.5×10
18
 [5.33] 
MOCVD 1.41×10
18
 [5.34] 
Sol-gel ~2×10
19
 [5.36] 
Sol-gel ~2×10
19
 [5.37] 
MBE ~10
16
 [5.38] 
MBE ~2×10
18
 [5.39] 
 
5.4. Conclusion 
  In this chapter, the nickel oxide and zinc oxide films were formed by UV oxidation using a 
metal-halide lamp and their optical and electrical properties as well as the crystal structures 
were characterized. Both nickel oxide and zinc oxide films are oxygen rich because of 
enhanced oxidation by UV oxidation. Nickel oxide and zinc oxide have direct bandgaps of 
3.7 and 3.3 eV, respectively. Zinc oxide shows an intense band edge luminescence, while no 
photoluminescence is observed in nickel oxide, as reported in the literature.   
 Although almost all nickel oxide films formed on sapphire substrates are highly resistive and 
cannot be characterized by the Hall measurements, it is interesting to find that nickel oxide 
becomes highly n type if there is a remaining nickel underneath the nickel oxide film. The 
electron transfer from nickel to nickel oxide is proposed to explain the n-type conductivity. 
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Zinc oxide has the n-type conductivity with an electron concentration less than that of zinc 
oxide formed by the other methods. This is attributed to a lower concentration of oxygen 
vacancies.     
  The oxidation condition is now optimized to form the heterostructures made of nickel oxide 
and zinc oxide, which will be discussed in detail in the next chapter. 
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Chapter 6 
Formation of Heterostructures 
6.1. Introduction 
  In Chapter 5, the UV oxidation process of metallic films was well established to fabricate 
nickel oxide and zinc oxide single layers. Now, we are ready to make a pn diode by joining p-
type nickel oxide and n-type zinc oxide. In this chapter, first we confirm formation of good 
heterostructures with Si substrates, and then we form and characterize the heterostructure 
consisting of nickel oxide and zinc oxide. Good formation of pn diodes made of nickel oxide 
and zinc oxide leads to various devices such as bipolar and field-effect transistors. 
6.2. Oxide semiconductors on Si 
  We expect to fabricate good heterojunction pn diodes by the UV oxidation of nickel and 
zinc deposited on n-Si and p-Si substrates. This study is also to confirm no damage or 
interdiffusion between Si and the oxide semiconductors. Although zinc oxide is found to be 
an n-type semiconductor by the Hall measurement, the conductivity types of most nickel 
oxide films were not able to be determined by the Hall measurement most probably because 
of their low mobilities. The conductivity type, however, can be determined by measuring the 
I-V characteristics of nickel oxide on both p and n Si substrates. If there is a rectification in 
the I-V characteristic for an n-type Si substrate and no rectification for a p-type Si substrate, 
the nickel oxide must be p-type. Therefore, nickel oxide was formed on both p and n-type Si 
substrates but zinc oxide was formed only on a p-type Si substrate, because the conductivity 
type of zinc oxide was found to be n type by the Hall measurement. After confirming that 
nickel oxide is p-type, a heterojuction made of nickel oxide and zinc oxide was fabricated and 
characterized. Besides the preliminary study for a diode made of nickel oxide and zinc oxide, 
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the heterostructure made of an oxide semiconductor thin film and Si itself has various 
applications such as sensors, LEDs , solar cells and gamma-ray radiation sensor [6.1]. 
6.2.1. Nickel oxide on Si 
6.2.1.1. Experimental procedure 
Metallic Ni was deposited on both n- and p-Si (100) substrates by electron-beam 
evaporation. Both substrates have doping concentrations on the order of 10
15
 cm
-3
, 
corresponding to resistivities of 4 – 6 and 15 – 21 Ω∙cm for the n- and p-Si substrates, 
respectively. The Si substrates were ultrasonically cleaned in aceton, ethanol and DI water 
each for 5 minutes and placed in a vacuum chamber for the Ni deposition. The pressure of the 
vacuum chamber was 6 - 9×10
-5
 Pa during the deposition. Ni films with a thickness of 50 nm 
were deposited on the substrates, and the samples were then loaded in the UV oxidation 
chamber. The Ni thickness was adjusted to 50 nm with a quartz thickness monitor during the 
evaporation and was confirmed by a Dektak profilometer after the deposition.  
  A metal-halide UV lamp was used as the UV source, and the power density was about 600 
mW/cm
2
 on the surface of the samples. Pure oxygen was used as the atmosphere for the UV 
oxidation. The stoichiometry of the nickel oxide was characterized by micro-Raman 
scattering using a JASCO NRS-3100 with an incident wavelength of 523 nm and a beam size 
of 1 μm in the backscattering geometry. For the nickel oxide-on-Si heterostructures, the UV-
oxidation temperature was 350 
o
C to form the most conductive p-type nickel oxide, and the 
oxidation was also carried out to form the nickel oxide film on an n-Si substrate without UV 
illumination at 350 
o
C for comparison.  
  The oxidation period was adjusted to 60 minutes so that the Ni film could be completely 
oxidized, and the complete oxidation of Ni on a sapphire substrate was confirmed by its 
optical transmission spectrum. The thickness of the nickel oxide film measured using a 
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Dektak profilometer and ellipsometer using Dektak 150 and Mizojiri DHA-OLX, 
respectively, was about 100 nm.  
 
 
Figure 6.1. (a) Front metal pattern of the diode. The blue area is the exposed nickel oxide 
surface. The circular area with a diameter of 300 μm is the top electrode of the diode. (b) 
Schematic cross section of the diode. 
The anisotype and isotype heterojunction diodes were fabricated using the pattern shown in 
Figure 6.1 (a) by forming ohimic contacts to the p-type nickel oxide with 300 nm Au/100 nm 
Pt and to Si with 300 nm Au. The cross section of the diode is shown in Figure 6.1 (b). Both 
metal-semiconductor contacts were confirmed to be ohmic in the nickel oxide-on-Si diodes 
fabricated by the UV oxidation of Ni on the n and p-Si substrates. The I-V characteristics 
were measured using an Advantest TR8652 in the dark and under illumination using the 
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green and red laser diodes and a Xenon lamp. The circular top electrode with a diameter of 
300 μm was surrounded by the large-area Au/Pt electrode as seen in Figure 6.1 (a). The gap 
between the top and the surrounding electrodes was 150 μm. During the I-V measurements, 
both the top and surrounding electrodes were biased at the same voltage to suppress the 
surface current. The wavelengths of the green and red lasers were 532 and 635 nm, 
respectively. The power and beam diameter of both lasers were 0.8 mW and 0.2 mm, 
respectively. The laser beam was tilted by 45
o
 so that some region underneath the top 
electrode could also be illuminated in addition to the exposed NiO area next to the top 
electrode. Note that the top metal electrode is thick enough to block the light. A wavelength 
of 436 nm was selected from the Xenon lamp using a filter. Hereafter, we refer to this light as 
violet light. The exposed nickel oxide area on both sides of the top electrode was illuminated 
by a 45
o
 tilt using a fiber scope connected to the Xenon lamp. As already described for the 
lasers, some region underneath the top electrode was also illuminated. The power of the 
violet light was adjusted using ND filters from 2.5 mW/cm
2
 for 100 %. The C-V 
characteristics of the p-type nickel oxide-on-n-Si diode were measured by an Agilent 4282A 
at various frequencies.  
6.2.1.2. Nickel Oxide-on-n-Si Diode Fabricated by Thermal Oxidation of Ni on n-Si 
As discussed in Chapter 5 the nickel oxide layers formed by the oxidation of Ni on the 
sapphire substrates with UV illumination were more conductive and oxygen rich than those 
without UV illumination. Before studying the nickel oxide-on-Si diodes fabricated by the UV 
oxidation of Ni on the Si, the diode was fabricated by the thermal oxidation of Ni on an n-Si 
substrate to confirm the results presented in Chapter 5. Figure 6.2 shows the I-V 
characteristic of the diode fabricated by the thermal oxidation of Ni on n-Si at 350 
o
C. The 
inset shows the I-V characteristic between two circular front electrodes on the nickel oxide. 
The current in the voltage range between -1 and 1 V shown in the inset is extremely low. 
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Unlike the nickel oxide layer formed by UV oxidation, the nickel oxide layer formed by the 
thermal oxidation of nickel oxide at 350 
o
C does not seem to make a good ohmic contact with 
the metal electrode. The nonohmic behavior of the contact is attributed to the lower carrier 
concentration, which was discussed in Chapter 5. Although the diode shows a rectification 
behavior, the differential resistance at 1 V is one order higher than that of the diode fabricated 
by the UV oxidation of Ni due to the lower carrier concentration of nickel oxide formed by 
the oxidation of Ni without UV illumination. The UV oxidation of Ni is more suitable for the 
fabrication of the diodes with good ohmic contacts and low on-resistance than the thermal 
oxidation at the same temperature. 
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Figure 6.2. I-V characteristic of the p-type nickel oxide-on-n-Si diode fabricated by thermal 
oxidation of Ni on an n-Si substrate. The inset shows the I-V characteristic between two front 
metal electrodes on the nickel oxide.  
6.2.1.3. Electrical Characteristics of the Nickel Oxide-on-p-Si Diode 
Figure 6.3 shows the I-V characteristics of nickel oxide-on-p-Si diode by UV oxidation in 
the dark and under violet-light illumination. They do not show a clear rectification as 
expected from the isotype heterojunction diode. Unlike the pn diode, in which the 
NiO 
 “+” 
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photocurrent flows in the reverse direction, the current is increased by the violet-light 
illumination under both positive and negative biases. Because no depletion region is expected 
in the p-type nickel oxide-on-p-Si diode, the increase in the current is attributed to the 
decreased resistivity by the generation of photocarriers in the Si or nickel oxide.  
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Figure 6.3. I-V characteristics of the p-type nickel oxide-on-p-Si diode in the dark and under 
violet-light illumination. The incident power was varied using ND filters of 5 and 50 %. The 
fine black curve shows the I-V characteristics in the dark immediately after the I-V 
measurement under violet-light illumination with a 50 % ND filter. 
  It is interesting to observe the increased current even after turning off the Xenon lamp as 
shown by a fine black curve almost overlapping the blue dots denoting the current under 
violet-light illumination. This phenomenon is often called persistent photoconductivity (PPC), 
which was also observed in zinc oxide [6.2, 6.3]. Because the PPC cannot be observed in Si, 
(fine black curve) 
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the photocarriers are generated mostly in the nickel oxide by the absorption of violet light. 
Although the bandgap of nickel oxide is as high as 3.7 eV and nickel oxdie should be almost 
transparent in the visible region, several weak absorption bands, which are attributed to the 
intra-3d transitions of the Ni
2+ 
ions, appear in the absorption spectra, as shown in Figure 6.4.   
 
Figure 6.4. Absorption coefficient of NiO. The local absorption peak at 2.8 eV (corresponds 
to violet light) is indicated by a red arrow [6.10]. 
6.2.1.4. Electrical Characteristics of the Nickel Oxide-on-n-Si Diode 
  Figure 6.5 (a) shows the I-V characteristics of p-type nickel oxide-on-n-Si in the dark. The 
rectification is confirmed by the I-V characteristics. The current densities at 2 and −2 V are 
different by two orders of magnitude, and the reverse leakage current density is 6×10
-3
 A/cm
2
 
at −2 V. The leakage current density is much lower than that of the diode fabricated by the 
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sputtering of nickel oxide on n-Si [6.4]. It is estimated to be 4.2 A/cm
2
 in Figure 6.6. A 
higher leakage current density of the nickel oxide-on-n-Si diode fabricated by sputtering of 
the undoped nickel oxide may be attributed to plasma damage as reported for ZnS/Si
 
[6.5]. 
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Figure 6.5. (a) J (current density) -V characteristics of the p-type nickel oxide-on-n-Si diode 
in the dark. (b) C
-2
 - V characteristics of the p-type nickel oxide-on-n-Si measured at various 
frequencies. 
NiO 
 “+” 
reverse 
biased  
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  The C
-2
-V characteristics depend on the measurement frequency, as shown in Figure 6.5 (b). 
The C
-2
-V plots are linear for all frequencies. Such a good linearity in the C
-2
-V 
characteristics was never obtained for the p-type nickel oxide-on-n-Si diode fabricated by 
either sputtering [6.4], thermal evaporation [6.6] or PLD of nickel oxide [6.7]. It confirms 
that the oxidation temperature is low enough not to affect deep inside the Si. Figure 6.7 
shows a typical C
-2
 vs. V characteristic of the p-type nickel oxide-on-n-Si reported in 
reference [6.4]. The characteristic is not linear at all. 
 
Figure 6.6. I-V characteristics of p-nickel oxide-on-n-Si heterojunction. The Pt electrode’s 
diameter is 300 μm, the same as the diode shown in Figure 6.1. The reverse current 3 mA 
corresponds to the reverse current density 4.2 A/cm
2
 [6.4]. 
  Assuming that the doping concentration of nickel oxide is much higher than that of Si and 
that the depletion region extends mostly in the Si, the doping concentration of the Si was 
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calculated from the slope of the C
-2
-V line at 1 MHz. The C
-2
-V for 1 MHz was chosen so 
that the traps could not respond to the measurement frequency. The calculated doping 
concentration of Si is 8 x 10
15
 cm
-3
 and is in the same order of the doping concentration 
estimated from the resistivity of Si.  
 
Figure 6.7. Bias voltage dependence of 1/C
2
 in the p-nickel oxide-on-n-Si heterojunction by 
sputter deposition [6.4]. 
  The slope of the C
-2
-V line decreases with the decreased frequency. This suggests that the 
traps with an energy level crossing the Fermi level in the depletion region respond to the 
measurement frequency and affect the capacitance [6.8]. It is hypothesized that the traps were 
formed by Ni diffusion in the Si during the UV oxidation of Ni. To confirm the Ni diffusion, 
the Ni/Si Schottky diodes were heated at 350 
o
C in N2 and O2 under UV illumination for 60 
min, and their leakage currents are shown in Figure 6.8. Because the leakage current does not 
93 
depend on the atmosphere, N2 or O2 and the leakage current does not increase without heating 
at 350 
o
C, it is concluded that the heating at 350 
o
C causes the Ni diffusion. Ni is known as 
one of the fastest diffusing elements in Si and forms deep levels in Si [6.9]. 
−2 −1 0
10
−10
10
−8
10
−6
10
−4
Voltage (V)
L
ea
k
ag
e 
cu
rr
en
t 
(A
)
UV + N2
as−fabricated
UV + O2 350 
o
C heating
UV + N2 350 
o
C heating
 
Figure 6.8. I-V characteristics of the Ni/n-Si Schottky diodes under reverse bias in the dark. 
The diodes were annealed at 350 
o
C in N2 and O2 atmospheres under UV illumination. One 
diode was exposed to UV in N2 at room temperature. 
  The Secondary Ion Mass Spectroscopy (SIMS) depth profile of Si and Ni in the p-type 
nickel oxide-on-n-Si diode in Figure 6.9 confirms the Ni diffusion at 350 
o
C. The Ni 
diffusion is observed in Si at a depth up to 300 nm, which is lower than the depletion region 
width in Si and does not seem to affect the linearity in the C
-2
-V plot under the reverse bias 
condition. The SIMS profile also shows an abrupt change in oxygen at the nickel oxide/Si 
interface and an abrupt nickel oxide/Si heterointerface. The Si profile in nickel oxide needs to 
RT 
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be ignored. The depth profiles of Si, Ni and O were obtained by etching from the back side of 
Si, which causes a high background concentration of Si even in profiling nickel oxide near 
the nickel oxide/Si interface. 
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Figure 6.9. SIMS depth profiles of Si, Ni and O in the p-Ni/n-Si diode. The Ni and O 
concentrations are shown but only the Si secondary ion intensity is shown.  
  The photoresponse of the p-type nickel oxide-on-n-Si diode fabricated by the UV oxidation 
of Ni on n-Si was studied in detail (Figure 6.10) for potential applications in solar cells and 
photodiode. Figure 6.10 (a) shows the I-V characteristics of the diode exposed to violet light 
with various powers. Notice that no change occurs in the forward direction. 
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Figure 6.10. (a) I-V characteristics of the p-type nickel oxide-on-n-Si diode under violet-light 
illumination. The incident power was varied using the 5 and 50 % ND filters. The incident 
violet light without a filter is shown as 100 %. (b) I-V characteristics of the p-type nickel 
oxide-on-n-Si diode illuminated by green and red lasers. The I-V characteristics in the dark 
are also shown as a reference. 
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  Because violet light is mostly absorbed in nickel oxide and violet-light illumination 
decreases its resistance, the forward current should increase, as discussed for the p-type 
nickel oxide-on-p-Si diode. The electrons generated in the depletion region and within the 
electron diffusion length from the depletion edge in nickel oxide are collected as the 
photocurrent in the reverse direction. The photocurrent cancels out the current increase due to 
the decreased resistance in nickel oxide. As a result, we do not observe a significant change 
in the forward current. 
 The photocurrent shown under a reverse bias increases with the increased reverse bias 
voltage and increased violet-light power. Because the photocurrent increases with the 
increased reverse bias voltage, the photocurrent may have originated from the carriers 
generated in the depletion region, the width of which increases with the increased reverse 
bias voltage. Noting that most of the violet light is absorbed in nickel oxide, the minority 
carrier diffusion length in nickel oxide seems too short for the electrons generated outside the 
depletion region in nickel oxide to be effectively collected as a photocurrent. Such a voltage-
dependent photocurrent is also observed in the pn diode made of n-type zinc oxide and p-type 
nickel oxide [6.10]. The photoresponsivity calculated by dividing the photocurrent by the 
incident violet-light power becomes a maximum of 0.815 A/W at −2 V for the incident power 
of 0.13 mW/cm
2
 (5% of full power). This value is as high as the p-type nickel oxide-on-n-Si 
diode fabricated by the thermal evaporation of nickel oxide [6.6].  
  Figure 6.10 (b) shows the I-V characteristics under illumination by green and red lasers, and 
the dark current is also shown for comparison. Although the incident powers of the green and 
red lasers are much lower than that of the Xenon lamp without the filter, the photocurrent is 
as high as the photocurrent with the full violet light. In contrast to violet light, green or red 
light may not be absorbed in the nickel oxide but is in Si [6.6]. As seen in the voltage-
dependent dark current, the photocurrent also increases with the increased reverse bias 
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voltage. Because the acceptor concentration of nickel oxide is much higher than the donor 
concentration of Si, as discussed in the C
−2
-V characteristics, the depletion region tends to 
mostly extend in Si, and the carriers generated in the depletion region in Si are collected as 
the photocurrent. The minority carrier diffusion length is usually long in single crystalline Si; 
therefore, the carriers generated outside the depletion region in Si should contribute more to 
the photocurrent, and the photocurrent should be independent of bias. However, the light is 
mostly absorbed in the exposed area of Figure 6.1 (a), which is the periphery of the top 
electrode on nickel oxide. The carriers generated in the periphery need to move laterally to 
the depletion region in order to be collected as the photocurrent. Note that the hole diffusion 
length outside the depletion region near the Si surface may be significantly reduced by the Ni 
diffusion. In such a case, the lateral spread of the depletion region by reverse biasing the 
diode increases the photogenerated carriers in the depletion region to be collected as the 
photocurrent. The amount of lateral spread of the depletion region increases with the 
increased reverse bias voltage and affects the total photocurrent by the carriers generated in 
the periphery of the top electrode. Such a voltage-dependent photocurrent is also observed in 
the case of irradiation by a red laser [6.6].  
  In Figure 6.10 (b), the photocurrent generated by the red laser is greater than that by the 
green laser, while the forward current by the red laser is greater than that by the green laser. 
Because the red laser penetrates deeper and diffracts more laterally due to its longer 
wavelength, more carriers are generated and collected as the photocurrent. However, the 
generated carriers decrease the resistance of Si and increase the forward current. Therefore, 
the increased forward current cancels the photocurrent in the reverse direction, and as a result, 
the forward current does not show a significant change with the red laser but does show a 
decrease with the green laser. In the case of the green laser irradiation, the photocurrent in the 
reverse direction seems greater than the increase in the forward current due to the decreased 
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resistance of Si. Although the Ni diffusion during the oxidation of Ni increases the reverse 
leakage current, the photocurrents due to irradiation by visible lasers are as high as those 
reported for the p-type nickel oxide-on-n-Si diode fabricated by evaporation of the nickel 
oxide [6.6]. However, using oxide source for deposition is not preferred in terms of 
application to printed electronics, because metal ink is being well developed but not oxide ink. 
Furthermore, evaporation of oxide causes its deposition on the chamber wall, and oxide 
particles often fall on the sample, causing contamination. The chamber must be cleaned 
before each deposition. 
6.2.2. Zinc Oxide on Si 
6.2.2.1. Experimental Procedure 
A p-Si wafer with (100) orientation and 15 – 21 Ω∙cm resistivity was used. The Si 
substrates were ultrasonically cleaned in acetone, ethanol and DI water each for 5 minutes 
and placed in the vacuum chamber for metal deposition. Zinc metallic films were deposited 
on Si by vacuum evaporation as described in Chapter 5. The metallic films were then 
oxidized in the UV oxidation chamber. The UV oxidation temperature was 400 
o
C and 
oxidation period was 60 min. The thickness of zinc oxide by UV oxidation was about 300 nm. 
A 100 nm-thick Au film was deposited on the back side of p-Si, and 200 nm Ti and 20 nm Pt 
films with 500 μm diameter size were deposited on the zinc oxide surface. Both contacts 
were confirmed to be ohmic. The I-V characteristics were measured with an Advantest 
TR8652 in the dark and under illumination using a Xenon lamp with mirror module (300 nm 
to 400 nm band-pass) and three monochromatic filters (320 nm, 365 nm and 436 nm) 
attached. The power density of three wavelengths 320 nm, 365 nm and 436 nm lights are 0.4, 
1.0 and 3.7 mW/cm
2
 respectively. The C-V characteristics of the n-type zinc oxide-on- p-Si 
diode were measured with an Agilent 4282A at various frequencies. 
6.2.2.2. Electrical Properties of Zinc Oxide-on-p-Si Heterojunction 
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Figure 6.11. (a) J (current density) -V (voltage) characteristics of the n-type zinc oxide-on-p-
Si diode in the dark. The inset shows the diode cross-sectional structure. (b) C
-2
 - V 
characteristics of the n-type zinc oxide-on-p-Si measured at various frequencies. 
  The zinc oxide film formed by UV oxidation is employed as an n-type semiconductor to 
form a pn diode with p-Si substrate. The I-V and C-V characteristics of the n-type zinc oxide-
on-p-Si heterojunction diode were measured to evaluate the heterojunction. Figure 6.11 (a) 
(a) 
(b) 
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shows the J-V characteristic, and the inset shows the cross-sectional view of the diode. The 
leakage current density is about 10
-4
 A/cm
-2
 at -2V. There is about 10
4
 times difference 
between the forward and reverse currents at ±2V. 
 
Figure 6.12. Energy-band diagram of n-type zinc oxide-on-p-Si heterojunction diode under 
reverse bias. A thin SiO2 layer is present on p-Si and causes the visible-blind photoresponse. 
  The C
-2
-V characteristics are shown for various measurement frequencies in Figure 6.11 
(b). They are all linear for the voltages above 0.5 V and do not much depend on the 
measurement frequency. This suggests a good heterointerface formed by the UV oxidation of 
zinc on Si. Assuming the depletion region extends more to the p-Si side, it is possible to 
calculate the acceptor concentration of p-Si from the slope of C
-2
 – V. The calculated value is 
8×10
14
 cm
-3
, which agrees with the doping concentration estimated from the resistivity of the 
p-Si substrate.  
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  The built-in voltage is obtained from the intercept of the horizontal axis in the C
-2
 – V plot, 
and it is about 0.25 V. The built-in voltages of the n-type zinc oxide-on-p-Si heterojunction 
diode by various methods are typically 0.6 eV [6.11 – 6.13], as summarized in Table 6.1. 
However, the built-in voltage can depend on the carrier concentrations of p-Si and n-type 
zinc oxide. The theoretical built-in voltage is calculated using the band diagram shown in 
Figure 6.12 [6.11]. The conduction offset is estimated to be 0.4 eV [6.11]. The electron 
concentration in zinc oxide and hole concentration in p-Si are already known, which are 
3x10
16
 and 8x10
14
 cm
-3
, respectively. The conduction-band effective density of states (Nc) of 
zinc oxide is assumed to be 3.5x10
18
 cm
-3
 [6.13]. Therefore, the built-in voltage of the n-type 
zinc oxide-on-p-Si diode is calculated to be 0.34 eV, which is smaller than 0.6 eV in the 
literature but closer to the value 0.25 eV obtained from the C
-2
 – V plot in Figure 6.8 (b). A 
small value of the built-in voltage is due to a low carrier concentration of both p-Si and n-
type zinc oxide. 
Table 6.1. Built-in voltages of ZnO/p-Si heterojunction formed by different fabrication 
methods. 
Fabrication method Built-in voltage (eV) Reference 
Sputtering ~0.6 [6.11] 
Spray Pyrolysis 0.56 [6.12] 
Electrodeposition 0.4 – 0.87 [6.13] 
 
6.2.2.3. Photoresponse of ZnO/p-Si Heterojunction 
The photocurrent of the n-type zinc oxide-on-p-Si heterojunction diode was also measured 
under illumination with various wavelengths, as shown in Figure 6.13. For wavelengths of 
320 and 365 nm, the photocurrent of the diode is at least 100 times larger than the dark 
current. For a wavelength of 436 nm, however, the photocurrent is not as large as those for 
the other wavelengths.  
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Figure 6.13. I-V characteristics of the n-type zinc oxide-on-p-Si diode illuminated by light 
with wavelengths of (a) 320 nm (b) 365 nm (c) 436 nm. The light power was varied from 10 
to 100 % by using ND filters. The I-V characteristic in the dark is also shown as a reference. 
  The incident irradiation rates of photons for 100 % power are 6.27x10
14
, 1.82x10
15
 and 
8.12x10
15
 s
-1 
for 320, 365 and 436 nm, respectively. Therefore, it is understood why the 
photocurrent for 365 nm is larger than that for 320 nm by about 3 times. However, the lowest 
photocurrent is not expected for 436 nm, because the incident rate is the highest and the 
photons could be effectively absorbed by Si.     
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  A “visible-blind” photoresponse was observed when a thin insulator layer was present on p-
Si [6.14 – 6.16]. In the energy band diagram shown in Figure 6.12, the conduction-band 
offset of Si/SiO2 is 3.29 eV [6.17]. Since the conduction offset of Si/zinc oxide is 0.4 eV and 
the bandgaps of SiO2 and zinc oxide are 8.9 and 3.27 eV, respectively, the valence-band 
offset of zinc oxide/SiO2 is estimated to be 1.94 eV. 
  For visible light, most light is not absorbed by zinc oxide but by p-Si, and the electron-hole 
pairs (EHPs) are generated in p-Si film. Under reverse bias, the electrons must be drifted to 
the zinc oxide to generate the photocurrent. However, the electrons are blocked by the 
conduction-band offset at Si/SiO2 interface. On the other hand, for UV light, most light is 
absorbed by zinc oxide and the EHPs are generated in zinc oxide. The holes must be drifted 
to the Si to generate the photocurrent. In this case, the valence band offset at zinc oxide/SiO2 
interface is smaller. Therefore, the photocurrent for UV light becomes much larger than that 
for visible light. 
6.3. Nickel Oxide on Zinc Oxide 
  Next, the heterojunction diodes were made of nickel oxide and zinc oxide by UV oxidation 
of metallic nickel and zinc, respectively. Because of a higher carrier concentration in nickel 
oxide than in zinc oxide, the depletion region is expected to extend more in zinc oxide if a pn 
junction is formed. There are two ways to form the heterostructures of nickel oxide and zinc 
oxide: one is to form one of the oxides first and then the other oxide, and the other is to 
simultaneously oxidize the stacked metals of zinc and nickel by UV oxidation. In the first 
method, sapphire substrates were used, while in the 2nd method Si substrates, which have a 
higher thermal conductivity than sapphire substrates, were used because of a larger thickness 
to be oxidized at once. On both Si and sapphire substrates 20 nm-thick Ti and then 200 nm-
thick Pt were deposited by vacuum evaporation. The Au electrode with a diameter of 300 μm 
is to form an ohmic contact to nickel oxide and zinc oxide. Two types of heterojunction 
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diodes, nickel oxide on zinc oxide and zinc oxide, were fabricated by forming the Ti/Pt 
ohmic contacts to the top layers and characterized.   
  Figure 6.14 shows the I-V and C-V characteristics of four types of heterojunction diodes. 
Note that the UV oxidation temperatures for nickel and zinc were 350 and 500 
o
C, 
respectively, and oxidation time was 1 hour for complete oxidation. The UV oxidation 
temperature of zinc was set higher than that used to form a zinc-oxide-on-Si heterojunction, 
in which Si was subject to oxidation. In the heterojunctions of nickel oxide and zinc oxide, Pt 
was the bottom electrode and oxidation of Si was not of concern. A higher temperature was 
selected for complete oxidation of a thicker zinc layer. In the case of simultaneous oxidation 
of zinc and nickel, a temperature of 500 
o
C was also selected.  
  Samples 1.1 and 2.1 show linear I-V characteristics, while samples 1.2 and 2.2 show 
nonlinear I-V characteristics. Note that the voltage in the graphs is the bias voltage applied to 
the bottom electrode. In the case of sequential oxidations, if nickel oxide is exposed to higher 
oxidation temperature of zinc, nickel in nickel oxide may diffuse into zinc oxide, as discussed 
in section 6.2.1.4. As a result, sample 1.1 shows a short-circuit I-V. Sample 1.2 shows an I-V 
with a large leakage current. Since nickel is exposed to temperature of 350 
o
C for 1 hour 
during oxidation of nickel, nickel may diffuse into zinc oxide and degrades the pn junction. 
In addition, the carrier concentration becomes lower because of the increased zinc vacancy 
concentration due to nickel diffusion. The back ohmic contact is degraded by the decreased 
carrier concentration and becomes Schottky-like. The negative bias on the bottom electrode 
reverse biases the Schottky-like contact on the back side. As seen in the C-V characteristics 
of sample 1.2, the capacitance decreases with the increased negative bias voltage because of 
the Schottky-like back contact and also decrease with the increased positive bias voltage 
because of the reverse bias pn junction. The best diode-like I-V is obtained in sample 2.2. As 
seen in the C-V characteristic of sample 2.2, the front contact is not ohmic but Schottky like.
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Under the positive bias, the Schottky like front contact is reverse biased, while the pn diode is 
forward biased. Under the negative bias, the Schottky like front contact is forward biased, 
while the pn diode is reverse biased. The front contact can be made ohmic by increasing the 
carrier concentration of nickel oxide. Therefore, the I-V characteristic of the diode made of 
nickel oxide and zinc oxide can be improved by decreasing the temperature of simultaneous 
oxidation. In contrast to sample 2.2, sample 2.1 shows a short-circuit I-V. A difference in the 
I-V characteristics of samples 2.1 and 2.2 suggest that unoxidized Ni tends to diffuse more in 
the already formed zinc oxide than in the forming zinc oxide.  
  By comparison of the I-Vs of 4 samples, the simultaneous oxidation of nickel of zinc is 
preferred to fabricate a heterojunction pn diode. Since the leakage current resulting from the 
interdiffusion of Ni and Zn is still large, the zinc oxidation temperature was lowered to 400 
o
C to improve the diode characteristics, as mentioned earlier. At this time the guard ring was 
introduced to reduce the surface leakage current, as described in Figure 6.1.  
Sapphire
Pt/Ti
NiO 
ZnO
Idot Iring
V
    
Figure 6.15. Cross-section (left) and top (right) views of the NiO/ZnO diode with a guard 
ring by simultaneous oxidation of nickel and zinc at 400 
o
C. 
  The cross-section and top views of the diode are shown in Figure 6.15. The top electrode 
was accidentally scratched and damaged the junctions by pressing with a sharp-tip probe 
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during the measurements. Indeed, the I-V characteristic Idot between the top electrodes is 
short-like, as seen in the inset of Figure 6.16. However, a short may have been caused by 
formation of a conduction filament in nickel oxide at high current density [6.18]. 
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Figure 6.16. I-V characteristics of the nickel oxide-on-zinc oxide heterojunction diode 
measured between the dots (Idot), between the dot and ring (Iring-dot) and between the ring and 
bottom electrode (Iring). 
    Figure 6.16 shows the dark I-V characteristics of the diode shown in Figure 6.15. The 
current is measured between two dot electrodes, between the ring and bottom electrode and 
between the dot and the ring. The I-V characteristics between the ring and bottom electrode 
and between the dot and the ring are almost identical. Note that the bias was applied to the 
ring. Because of a shorted junction underneath the dot, the dot directly contacts the zinc oxide, 
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and the I-V characteristic measured between the ring and dot becomes the same as that 
between the ring and bottom electrode. The I-V characteristics in Figure 6.16 reflect the p-
type nickel oxide-on-n-type zinc oxide junction and are improved from that of sample 2.2 in 
Figure 6.14. Since the capacitance increases under the forward bias condition, the front 
contact has become ohmic like. 
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Figure 6.17. C
-2
-V characteristic of the nickel oxide-on-zinc oxide heterojunction diode. The 
voltage was applied to the ring and the capacitance was measured between the ring and 
bottom electrodes. The measurement frequencies are 100 k, 500 k and 1 MHz. 
    The C
-2
-V characteristics of the heterojunction diode are shown for different frequencies in 
Figure 6.17. The C
-2
-V characteristics are frequency dependent but more or less linear. A 
109 
 
 
step-like junction is suggested. The frequency-dependent capacitance may be explained by 
traps near the junction. Since the slope of the C
-2
-V plot is not affected by the measurement 
frequency, the electron concentration of zinc oxide is estimated as 4.7×10
18
 cm
-3
 by assuming 
that the carrier concentration of nickel oxide is much higher. The obtained concentration is 
too high, and the error may be due to a large concentration of traps. 
  The photocurrent of the diode was also measured under illumination with a 365-nm light. 
As shown in Figure 6.18, no significance change is observed. A large series resistance and 
high reverse leakage current may be responsible for no photosensitivity.   
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Figure 6.18. Photocurrent of the nickel oxde-on-zinc oxide heterojunction diode under 
illumination with 365 nm-light. The voltage was applied to the ring, and the current was 
measured between the ring and bottom electrodes.  
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  Let us now compare the I-V and C-V characteristics of the nickel oxide-on-zinc oxide diode 
fabricated for the first time by simultaneous UV oxidation of Ni and Zn with those in the 
literature, though there are not many reported on the diodes made of zinc oxide and nickel 
oxide. The leakage current seen in Figure 6.18 is much larger than the diode fabricated by 
PLD and subsequent annealing [6.19], and may be also much larger than that by thermal 
oxidation of Ni on a ZnO substrate [6.20], though the diode area was not specified. The 
leakage current density of the diode by PLD former diode is ~10
-4
 A/cm
2
 at -2 V, while the 
leakage current of the diode by thermal oxidation of Ni is 1 μA at -1 V. In contrast to the 
diode by UV oxidation, the diode by thermal oxidation shows a linear C
-3
-V characteristic, 
suggesting the linearly graded junction. 
6.4. Conclusion 
 In this chapter, the heterostructures consisting of nickel oxide and zinc oxide are formed 
for the first time by UV oxidation of nickel and zinc. The UV oxidation process optimized for 
each of nickel oxide and zinc oxide in Chapter 5 is employed to fabricate the heterostructure 
diodes. The ultimate objective in this chapter is to fabricate a heterostructure diode made of 
nickel oxide and zinc oxide by UV oxidation. In the preliminary study of the heterostructures, 
the nickel oxide-on-Si and zinc oxide-on-Si heterostructures were formed and characterized. 
Although the Hall measurements were not possible to determine the conductivity type of 
nickel oxide, the p-type conductivity with a higher hole concentration is confirmed by the I-V 
characteristics of nickel oxide-on-p type Si and nickel oxide-on-n type Si. Good I-V 
characteristics of both diodes on Si are encouraging fabrication of the heterojunction diode 
made of nickel oxide and zinc oxide by UV oxidation. The sequential and simultaneous UV 
oxidation processes were used to form the heterojunction diodes. The best result was obtained 
by simultaneous UV oxidation of stacked layers of nickel on Zn. The UV oxidation 
temperature of zinc, 400 
o
C was employed to oxidize both nickel and zinc. The I-V 
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characteristic of the fabricated diode shows rectification with a large leakage current. The C-
V characteristic is frequency dependent, and the linear C
-2
-V plot suggests a step-like 
junction. The leakage current is much higher than those reported for the heterojunction diode 
made of the nickel oxide and zinc oxide by other techniques and too high to observe 
photoresponse. Nevertheless, this is the first diode made by simultaneous UV oxidation of the 
stacked metal layers, and there is a room for improvement. The simultaneous UV oxidation 
process itself is a simple and can be applied to fabricate various heterostructure devices in 
printed flexible electronics made of oxide semiconductors.    
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Chapter 7 
Conclusions and Suggestions for Future Work 
 
In this study, the UV oxidation process has been established for the first time to form 
nickel oxide and zinc oxide semiconductors and their heterostructures by oxidation of 
metallic nickel and zinc films under UV illumination. The UV oxidation with ozone 
formation was well studied to form thin metal oxide dielectrics at room temperature but never 
studied to form a “thick” device-quality oxide semiconductors. Two types of UV oxidation 
with and without ozone formation were employed for the first time to form oxide 
semiconductors by UV oxidizing metallic layers. The oxidation rate for UV oxidation of 
nickel even at 300 
o
C is much faster with ozone formation using an Hg-ozone lamp than that 
without ozone formation using a metal-halide lamp but is still not fast enough for device 
fabrication. Therefore, the temperature needs to be increased from 300 
o
C. Because the 
oxidation rate increases rapidly with the temperature, the oxidation rate becomes too fast to 
control the oxides’ uniformity and the heterointerface formation. Furthermore, the resistivity 
of nickel oxide formed by UV oxidation with ozone formation is more unstable than that 
without ozone formation using a metal-halide lamp. High-energy photons not only enhance 
oxidation but also break weak metal-oxygen bonds. The UV oxidation using a metal-halide 
lamp is less enhanced than that using an Hg-ozone lamp but is much faster than thermal 
oxidation. Therefore, UV oxidation using a metal-halide lamp having a longer-wavelength 
UV spectrum is found to better suit fabrication of oxide semiconductors.   
The nickel oxide and zinc oxides were formed by UV oxidation of metallic Ni and Zn 
films using a metal halide lamp. They are found to be oxygen rich because of enhanced 
oxidation of Ni and Zn. The zinc oxide film shows the n-type conductivity with an electron 
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concentration in the order of 10
16
 cm
-3
. Such a low electron concentration is hard to obtain 
using the sputter deposition of zinc oxide. Unlike zinc oxide, Hall measurements of nickel 
oxide thin films were not possible unless oxidation is insufficient. If the oxidation is 
insufficient, unoxidized nickel remains underneath the nickel oxide. The electron transfer 
from metal to nickel oxide causes a 2DEG-like electron-rich layer near the metal-nickel 
interface, which causes the n-type conductivity. This is surprising because nickel oxide is 
widely known to have the p- type conductivity.  
Since the UV oxidation process has demonstrated to form device-quality nickel oxide and 
zinc oxide, an attempt was made to fabricate the heterojunction diode made of nickel oxide 
and zinc oxide. In the preliminary study, nickel oxide-on-Si and zinc oxide-on-p-type Si 
heterojunction diodes were fabricated by UV oxidation of nickel and zinc, respectively. The 
p-type conductivity of nickel oxide was confirmed from the I-V characteristics of nickel 
oxide-on-n-type Si and nickel oxide-on-p-type Si. Good I-V characteristics with low leakage 
current and linear C
-2
-V characteristics suggest a step-like pn junction formation without 
much interdiffusion.   
The results of the preliminary study with Si are encouraging and make us expect to obtain 
a good heterojunction diode made of nickel oxide and zinc oxide. There are two ways to form 
the heterostructures of nickel oxide and zinc oxide: one is sequential oxidation and the other 
simultaneous UV oxidation. In the sequential, one oxide is formed first and then the other 
oxide by UV oxidation of metallic layer on the first oxide. Because of suspected Ni diffusion, 
I-V characteristics are short and leaky in the zinc oxide-on-nickel oxide and nickel 
oxide-on-zinc oxide diodes, respectively, in the case of sequential oxidation. The best 
diode-like I-V characteristics are obtained by simultaneous UV oxidation of a stacked layer 
of nickel-on-zinc. Although the leakage current of the diode by UV oxidation is much higher 
than those in the diodes made of nickel oxide and zinc oxide by other methods, the 
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simultaneous UV oxidation is simple and well suits the process of printed flexible electronics. 
There is much more room for improvement of the quality of the nickel oxide-on-zinc oxide 
diode by UV oxidation. 
The ultimate goal of this study is to develop printed flexible electronics made of oxide 
semiconductors. The low temperature process of gate oxide is developed in our laboratory, 
and the technology to print metal including development of a metal ink has made a great 
progress in the related industry. The UV oxidation temperature must be lowered not to 
damage flexible substrates. Although a flexible substrate can stand temperature as high as 500 
o
C, the UV oxidation temperature must be lowered to have
 
a wide selection of flexible 
substrates for low-cost manufacturing. The temperatures for the established UV oxidation of 
Ni and Zn are 350 and 400 
o
C, respectively, and they must be decreased to 200 
o
C or lower. 
In our lab, the wet UV oxidation process was developed for low-temperature formation of 
SiO2 gate dielectric. Water molecules are more reactive with Si and possibly with metal and 
easier to diffuse across the film at low temperature. It is suggested that the wet UV oxidation 
process should be studied to lower the oxidation temperature.  
After the study of the UV oxidation in this dissertation, I am confident that the wet UV 
oxidation will be an important technology for printed flexible electronics in future.   
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Appendices 
 
Appendix 1: X-ray Diffraction 
  Appendix 1 includes the powder diffraction file (PDF) data for Ni, Zn and their oxides 
according to the International Centre for Diffraction Data (ICDD). Frequently used substrates 
sapphire and MgO’s data are also listed. Due to poly-crystalline nature of thin (~100 nm) NiO 
and ZnO fabricated by UV oxidation, grazing angle measurement is mostly used in 
characterization of the crystal structure and crystallinity by XRD. The rightmost column 
marked by a star symbol indicates the high quality of PDF data. 
Table A.1. Powder diffraction data file for Ni, Zn and their oxides. Sapphire and MgO’s data 
are also included. 
Ni 4－0850 Cubic  
a 3.5238     
        
d  I / I1 hkl 2Theta 
2.034 100 111 44.508  
1.762 42 200 51.847  
1.246 21 220 76.372  
1.0624 20 311 92.947  
1.0172 7 222 98.449  
0.881 4 400 121.935  
0.8084 14 331 144.678  
0.788 15 420 155.666  
 
 
Ni 45－1027 Hexagonal  
a 2.6515(4) c 4.343(3) 
        
d  Int hkl 2Theta 
2.302 22 010 39.099  
2.173 30 002 41.524  
2.033 100 011 44.531  
1.578 13 012 58.438  
1.327 10 110 70.969  
1.224 8 103 78.001  
1.148 < 1 200 84.287  
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1.132 7 112 85.762  
1.11 5 201 87.889  
1.084 2 004 90.569  
1.015 2 202 98.737  
0.98 < 1 14 103.630  
0.899 2 203 117.927  
0.8678 < 1 [210] 125.158  
0.8509 4 [211] 129.721  
0.839 3 114 133.304  
      
 
 
NiO  
Bunsenite, 
syn    
47－1049 Cubic   
a 4.1771     
        
d  Int hkl 2Theta 
2.412 61 111 37.249  
2.089 100 200 43.276  
1.4768 35 220 62.879  
1.2594 13 311 75.416  
1.2058 8 222 79.409  
1.0443 4 400 95.059  
0.9583 3 331 106.993  
0.934 7 420 111.123  
 
    
NiO 44－1159 Rhom. (Hex)   
a 2.9552 c 7.2275 
        
d Int hkl 2Theta 
2.412 60 101 37.249  
2.0885 100 012 43.287  
1.4773 30 110 62.856  
1.4761 25 104 62.913  
1.2595 14 113 75.409  
1.2062 9 202 79.377  
1.2046 4 006 79.504  
1.0443 6 024 95.059  
0.9588 4 211 106.912  
0.9582 2 205 107.009  
0.9576 2 107 107.106  
0.9344 7 122 111.051  
0.9336 7 116 111.194  
0.8528 7 214 129.180  
0.8519 3 018 129.435  
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Zinc 4-831 Hexagonal  
a 2.665 c 4.947 
        
d Int hkl 2Theta 
2.473 53 002 36.2973 
2.308 40 100 38.9933 
2.091 100 101 43.2325 
1.687 28 102 54.3370 
1.342 25 103 70.0583 
1.332 21 110 70.6625 
1.237 2 004 77.0294 
1.1729 23 112 82.1046 
1.1538 5 200 83.7672 
1.1236 17 201 86.5599 
1.0901 3 104 89.9230 
1.0456 5 202 94.9030 
0.9454 8 203 109.1325 
0.9093 6 105 115.8026 
0.9064 11 114 116.3895 
0.8722 5 210 124.0538 
0.8589 9 211 127.4925 
0.8437 2 204 131.8469 
0.8245 1 006 138.2185 
0.8225 9 212 138.9547 
    
    
ZnO  
Zincite, syn 36-1451 Hexagonal  
a 3.24982(9) c 5.20661(15) 
        
d Int hkl 2Theta 
2.814 57 100 31.7737 
2.603 44 002 34.4263 
2.4759 100 101 36.2533 
1.9111 23 102 47.5400 
1.6247 32 110 56.6038 
1.4771 29 103 62.8651 
1.4072 4 200 66.3774 
1.3782 23 112 67.9618 
1.3583 11 201 69.0972 
1.3017 2 004 72.5646 
1.2380 4 202 76.9558 
1.1816 1 104 81.3718 
1.0931 7 203 89.6094 
1.0638 3 210 92.7883 
1.0423 6 211 95.2990 
120 
 
1.0159 4 114 98.6191 
0.9846 2 212 102.9520 
0.9766 5 105 104.1388 
0.9556 1 204 107.4312 
0.9381 3 300 110.3955 
0.9069 8 213 116.2877 
0.8826 4 302 121.5622 
0.8677 1 006 125.1832 
0.8370 3 205 133.9427 
0.8293 1 106 136.5139 
0.8237 2 214 138.5110 
0.8125 3 220 142.9050 
    
    
α-Al2O3      
Corundum, syn 
46-1212 Rhom. (Hex)   
a 4.7587 c 12.9929 
        
d I/Io hkl 2Theta 
3.4797 45 012 25.58  
2.5508 100 104 35.15  
2.3795 21 110 37.77  
2.1654 2 006 41.67  
2.0853 66 113 43.35  
1.9643 1 202 46.17  
1.7401 34 024 52.55  
1.6016 89 116 57.49  
1.5467 1 211 59.73  
1.511 14 018 61.30  
1.4045 23 214 66.52  
1.3737 27 300 68.21  
1.336 1 125 70.41  
1.2756 2 208 74.29  
1.2392 29 1010 76.86  
1.2343 12 119 77.22  
1.1932 1 217 80.41  
1.1897 2 220 80.70  
1.16 1 306 83.21  
1.1472 3 223 84.35  
1.1386 <1 131 85.14  
1.1257 2 312 86.35  
1.1242 3 128 86.50  
1.099 9 0210 88.99  
1.0827   006(2) 90.70  
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MgO 
Periclase, syn 45-946 Cubic  
a 4.2112     
        
d Int hkl 2Theta 
2.432 4 111 36.9311 
2.1056 100 200 42.9178 
1.4891 39 220 62.3015 
1.2698 5 311 74.6925 
1.2158 10 222 78.6286 
1.0528 8 400 94.0527 
0.9662 2 331 105.7358 
0.9417 19 420 109.7677 
0.8597 14 422 127.2767 
0.8105 4 511 143.7572 
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Appendix 2: Raman Scattering Spectroscopy 
There are two instruments of Raman scattering spectroscopy available in our Lab. One is 
in the west 7 bldg., laser center. It has two units of photomultiplier tubes (PMT) and 
wavelength tunable laser, but its optical alignment is done manually. The other one is in East 
6 bldg., equipped with CCD detector, 532 nm laser, microscopic optical alignment and 
backscattering mode only. Since PMT has a better resolution than CCD, it is recommended to 
use Raman scattering spectroscopy in laser center. Here, a brief optical alignment is plotted to 
help speed the experiment. 
 
 
Two points should be noticed. One is the position of mirror, which is a little bit left from 
the center of lens. The other one is the position of sample, which is right at the center of lens. 
The purpose of doing this is to collect the scattered light as much as possible. In the 
backscattering geometry, light is reflected back along the pass of incident light, and the 
reflected light can be prevented from entering the monochrometer. 
 
scattered 
light 
focused 
scattered light 
scattered 
light 
sample 
lens 
mirror 
reflected 
light 
incident 
light 
slit of a 1 m-long 
double monochrometer  
Figure A.1. Backscattering configuration of Raman scattering 
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Appendix 3: Optical Absorption  
  Transmittance measurement of a semiconductor can provide not only optical transmittance 
but the optical band gap. The type of band gap and its value can be estimated from the 
measured optical transmittance for various wavelengths.  
 
Figure A.2. Electron transition in indirect band gap (left) and direct band gap (right). 
  In crystalline semiconductors, the following equation relates the absorption coefficient to 
incident photon energy:  
                    α(υ)∙hυ = B(hυ−Egap)
m
                 (A.1) 
  where Egap, B, and hυ are the optical band gap, constant, and incident photon energy, 
respectively. In the case of direct band gap, m = 1/2, and m = 2 for indirect band gap. Optical 
absorption α(υ) can be obtained from transmittance raw data. 
                       α(υ) = -ln(T)/d                    (A.2) 
  where d is the thickness of semiconductor thin film, T is the transmittance (should be 
absolute value not percentages). The band gap energy can be estimated from the plot of (α(υ) 
hυ)2 v.s. hυ for semiconductors with direct band gaps. 
 
Conduction Band
Valence Band
Momentum
E
n
er
g
y
Indirect Bandgap
Phonon assisted 
transition
Conduction Band
Valence Band
Momentum
E
n
er
g
y
Direct Bandgap
124 
 
Appendix 4: Photoluminescence 
  When a semiconductor with a direct band gap is excited with photons whose energy larger 
than the band gap energy, photoluminescence (PL) will occur. Polarization induced by 
incident light can be described by the Bloch equations. Once the photons are absorbed, 
electrons and holes are formed with finite momenta K in the conduction and valence bands, 
respectively. The excitations then undergo energy and momentum relaxation towards the 
band gap minimum. Typical relaxation mechanisms are Coulomb scattering and the 
interaction with phonons. Finally the electrons recombine with holes by emitting photons. 
PL is used to characterize material’s band structure if the transition is radiative. It is an 
important tool to study the defect and crystal quality of semiconductors. 
 
Figure A.3. Energy level diagram explanation for photoluminescence. 
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Appendix 5: Electrical Characterization 
5.1. Four Point Probe Measurements 
 
Figure A.4. Schematic of four-point probe measurement. 
The resistivity of the semiconductor is often determined using a four-point probe technique. 
With a four-probe technique, two of the probes are used to source current and the other two 
probes are used to measure voltage. Using four probes, the probe and contact resistance can 
be eliminated, because a high impedance voltmeter draws no current. It should be noted that 
all four contacts must not have too large contact resistance. Because of this requirement, the 
four-point probe has a limitation in measuring samples with high resistance. 
The two outer probes are used for sourcing current and the two inner probes are used for 
measuring the resulting voltage drop across the surface of the sample. The volume resistivity 
is calculated as follows: 
I V
S SS
A
D
W
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                 (A.3) 
Where:    = volume resistivity (ohm∙cm) 
V = the measured voltage (volts) 
I = the source current (amperes) 
t = the sample thickness (cm) 
k = a correction factor based on the ratio of the probe to wafer diameter and on the 
ratio of wafer thickness to probe separation. The correction factors can be found in 
standard four-point probe resistivity test procedures such as SEMI MF84-02—Test 
Method for Measuring Resistivity of Silicon Wafers With an In-Line Four-Point Probe. 
  The simple formula above works for when the wafer thickness less than half the probe 
spacing (t < s/2). For thicker samples the formula becomes: 
               
 
 
 
  
   
     
 
  
     
 
   
 
               (A.4) 
where s is the probe spacing. 
 
 
 
 
 
 
5.2. Hall Effect Measurements 
Van der Pauw technique is commonly used along with the Hall Effect measurement to 
measure the resistivity with a simple sample preparation. Steps for Hall Effect measurements 
are summarized in Figure A.5 and the sample configuration in Figure A.6. 
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No Process Analysis & Derivation 
1 Current is applied to slab 
 
Drift velocity of carriers occurred 
          
  
 
     
 
                                      
                               
                         
 
 
   
                              
2 Magnetic field perpendicular to 
the current is applied 
 
The magnetic field caused accumulation of electrons (carrier) to 
one side of the slab. This is due to Lorentz force. 
                   
                                        
Substituting v, 
        
  
   
      
 
3 Accumulated electrons 
 
The accumulated electrons generate an electric field whose force 
opposes the Lorentz force equally. 
      
    
   
   
 
                       
  
   
     
 
Hall coefficient    is defined as 
   
 
   
 
So that the   becomes 
  
      
 
 
 
4 Voltage difference due to the 
electric field is measured 
The measured voltage different is the Hall voltage. 
       
Through Hall voltage, one can determine the type of 
semiconductor. When    positive, the material is p type 
semiconductor, and vice versa when   negative, the material is 
n type semiconductor. 
Substituting  , 
   
     
     
 
With  
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And with   being carrier sheet density 
        
     
   
   
    
 
   
    
   
 
 
Figure A.5. Steps for the Hall measurements. 
 
 
     
Figure A.6. Sample configuration. 
  Hall measurement coupled with the Van der Pauw technique is commonly used to 
measure the Hall voltage and resistivity of a sample. However, several conditions are 
required: 
1. Sample has to be flat shaped or has a uniform thickness 
2. Sample must have no isolated holes 
3. Sample must be homogeneous and isotropic 
4. Contacts must be located at the edges 
1 2
34
(a)
Preferred
Cloverleaf
(b)
Acceptable
Square or 
Rectangle: 
contacts at 
the corners 
(c)
Not Recommended
Square or rectangle: 
contacts at the edges
        or inside the
         Perimeter
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5. Area of any contact should be at least an order of magnitude smaller than the sample’s 
area. 
The four corners of the sample must be ohmic contacts, and the cloverleaf shape of the 
sample is recommend for the sake of minimizing geometric error as shown in Figure A.6.  
5.3. Diode Characterization 
  The I-V and C-V measurements of a pn junction can help understand not only the electrical 
properties of the pn junction, but also estimation of semiconductor material. The full 
depletion approximation further facilitates the analysis of pn junction.  
 
Figure A.7. Schematic of a pn junction. 
  The depletion layer width of pn junction is a summation of the individual depletion width 
of p- and n-semiconductors. 
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                                                     (A.5) 
  The depletion layer width can be expressed as following. 
                     
   
 
 
 
  
 
 
  
                      (A.6) 
Where    is the built-in potential of the pn junction,    is the dielectric constant (relative 
dielectric constant    value: 11.7 for Si and 11.75 for NiO). The individual depletion layer 
width can be obtained as: 
                   
   
 
  
  
 
 
  
 
 
  
                     (A.7) 
                   
   
 
  
  
 
 
  
 
 
  
                     (A.8) 
  The current of a diode can be expressed as following: 
                            
        
   
                     (A.9) 
Where I0 is leakage current, a constant, Rs is series resistance, n is the ideality factor and k is 
Boltzmann constant. The ideality factor can be obtained from data fitting, while series 
resistance can be calculated from the reciprocal of the slope in the linear region of I-V under 
forward bias.  
  When the diode is under reverse bias, the current is also called leakage current. In the ideal 
case, the leakage current is a constant, but may change with reverse bias in the real case. The 
leakage current of a diode is also photo-sensitive, especially photons with energy larger than 
semiconductor’s band gap.    
  The capacitance of the pn step junction can be expressed as: 
                    
 
  
  
 
   
     
    
                      (A.10) 
  Therefore, the built-in potential can be obtained from extrapolation of the x-axis in C
-2
 v.s. 
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V plot. Moreover, if the acceptor concentration is much higher than donor concentration, the 
donor concentration can also be calculated. 
                    
 
   
 
      
  
   
                      (A.11) 
  The C
-2
 v.s. V plot is usually used to evaluate the quality of pn junction. Good linearity in 
C
-2
 v.s. V plot suggests an abrupt junction. The frequency of voltage is varied to characterize 
the frequency dependence of capacitance. If traps are involved in the emission and capture of 
carriers, a frequency dependent capacitance will be observed.  
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